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INTRODUCTION

In our recent Phase | study we found that the adoptive transfer of Epstein-Barr-virus (EBV)-specific cytotoxic T
lymphocytes (EBV-CTLS) genetically modified to express a chimeric antigen receptor (CAR-GDZ2) targeting the
GD2 antigen expressed by neuroblasts, can persist in the peripheral blood for 6 weeks and induce objective
tumor responses (including complete remission) or tumor necrosis in 4/8 subjects with refractory/relapsed NB™.
Although encouraging, this study also revealed that the signal from the transgenic CTLs progressively declined
over time in the majority of patients®® suggesting that the anti tumor effects of these cells could be augmented
by prolonging the survival and effector function of the transgenic CTLs, for example by restoring their
responsiveness to homeostatic cytokines such as IL-7* and inducing a robust CD8" T cell memory response”’.
Our second approach aims to disrupt the non-cellular stromal elements of NB that may impede access to CAR-
modified EBV-CTLs. The ability of tumor-specific CTLs to cross tumor blood vessels is crucial for reaching the
tumor cells. Leukocyte extravasation is highly dependent upon the degradation of the components of the
subendothelial basement membrane (SBM) and the extracellular matrix (ECM) such as heparan sulfate
proteoglycans (HSPGs), fibronectin and collagen®. Heparanase (HPSE) is the only known mammalian
endoglycosidase degrading HSPGs at distinct HS intra-chain sites”®. Although HPSE is expressed in activated
CD4" lymphocytes, neutrophils, monocytes and B lymphocytes®*! we have found it to be deficient in cultured T
cells and EBV-CTLs.

BODY

In Task 1 we proposed to co-express CAR-GD2 and IL-7Ra in EBV-CTLs to improve their expansion
and anti tumor effects in response to IL-7, whilst avoiding the expansion of regulatory T cells (Treg)
(time frame months 1-24).

We first optimized the methodology to expand ex vivo fully functional regulatory T cells (Tregs) (as assessed in
a model of graft versus host disease (GvHD)) that can be used for the experiments in vitro and in vivo
proposed in this task of the proposal. The results of these experiments have been published in manuscript #1
listed in the Reportable Outcome section (Chakraborty R et al. Haematologica. 2013 Apr;98(4):533-7).

Briefly, the methodology we developed to isolate and expand nTregs is graphically summarized in Figure 1.

Figure 1. Schema of the procedure used
to select and expand nTregs. Schematic
representation of the procedure used to
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e : ; their bright expression of the CD25
molecule  (CD25%™™ cells) without
additional selection steps. Starting from
4.5 x 10° + 1 x 10° PBMC (obtained from 50 mL of buffy coat products), we recovered 3 x 10°+ 1 x 10° cells.
Upon selection these cells consistently coexpressed CD4 and CD25 molecules (95% + 5%), with limited
contamination by CD8" cells. One day 7 (S1) and day 14 (S2), 2.9 x 10°+ 0.5 x 10° and 7.7 x 10" + 1.7 x 10’
cells were obtained, respectively. After the third stimulation (day 21, S3), we recovered 1.8 x 10° + 7.6 x 10’
cells, corresponding to more than 600 fold expansion (Fig 2A). This degree of expansion was significantly
higher than that obtained in parallel experiments (5-6 folds) in which isolated nTregs were grown using the
same protocol but plated in conventional tissue culture plates (cells at day 21 were 5.3 x 10° + 1.6 x 10°
starting from 1 x 10°% (Fig 2B). The percentage of CD4"CD25" cells remained stable over 3 weeks of culture
and was 92% + 5% by day 21, with 69% * 19% of the cells expressing FoxP3 (Fig 2C-D). Expanded nTregs
retained their expression of the lymph node homing molecules CD62L and CCR7 (69% + 4% and 39% =+ 3%,
respectively), and lacked expression of the IL-7Ra (CD127) (2% + 1.2%), a known feature of Tregs. Of note,
the percentage of FoxP3 expressing cells significantly increased from day 1 to day 21 of culture, and although
FoxP3 was not expressed by all the cells by day 21, the FoxP3 promoter remained consistently unmethylated
(Fig 2E), indicating the commitment of the expanded cells to the Treg state, despite some of them lacking
FoxP3 protein expression. At the end of the culture, contaminating CD8" T cells were 10% + 3.7%.
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Figure 2. Robust ex vivo expansion of
nTregs in the G-Rex device. Panel a
illustrates the number of nTregs obtained after
1, 2 or 3 (S1, S2 and S3) weeks of culture in
the G-Rex device. Data illustrate average and
standard deviations (SD) for 7 independent
experiments. Panel b compares the fold
expansions of nTregs cultured in 24-well
plates or in the G-Rex device. Data show
mean + SD of 7 independent experiments.
Panel ¢ shows the flow cytometry plots of
expanded nTregs on day 21 (S3). The panels
illustrate CD4, CD25, CCR7, CD127 and
FoxP3 expression for one representative
donor. Panel d illustrates the expression of
CD25, CD4 and FoxP3 in expanded nTregs
after each round of stimulation (S1, S2 and
S3). Data summarize the results of 7
independent experiments. Panel e shows the
methylation-specific semi-quantitative PCR of
the FoxP3 promoter in nTregs obtained after

Using a CFSE-based suppression assay, we also found that T-cell divisions were suppressed equally well
when either freshly isolated nTregs or expanded nTregs (S3) were added to the culture (80% = 10% and 80%
+ 13% suppression, respectively) (p<0.0001). No suppression was observed in the presence of expanded
control CD25"%"**? cells (12% + 9% suppression) (Fig 3A-B). Importantly, the robust expansion of nTregs
achieved in the G-Rex device was obtained without significantly compromising their telomere length (Fig 3C).
Since by day 21, expanded nTregs contained contaminating CD8" T cells, we specifically assessed the
functionality of these cells, as the infusion of functional CD8" cells on allogeneic HSCT setting may exacerbate
GvHD and thus compromise the protective effects of Tregs. As illustrated in Fig 3D-E, T-cell divisions were
suppressed equally well when either freshly isolated nTregs, expanded nTregs or selected CD8" T cells were
added to the culture (80% % 8%, 76% * 8%, and 66% + 14% suppression, respectively) (p<0.001), suggesting
that contaminating CD8" cells likely acquired inhibitory properties during the ex vivo culture conditions. This
inhibitory function of expanded CD8" T cells was corroborated by the detection of the unmethylated form of the

FoxP3 promoter in these cells (Fig 3F).
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Figure 3. Ex vivo expanded nTregs retain
robust suppressive function without
undergoing cell senescence. Panel a. The
inhibitory activity of freshly isolated nTregs,
expanded nTregs (S3), and expanded
CD25°P"**? cells was assessed by using a
CFSE-based suppression assay. Panels
illustrate the inhibitory activity of nTregs for a
representative experiment. Panel b. The
graph summarizes average and SD of the
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Data show mean + SD for 7 independent
experiments. Panel d. Contaminating CD8"
cells at day 21 of culture were isolated and
analyzed for their suppressive activity and
compared to nTregs. Panels illustrate the
inhibitory activity for one representative
experiment. Panel e. The graph summarizes

average and SD of the inhibitory function of contaminating CD8" cells and nTregs for 7 independent experiments. Panel f.
Methylation-specific semi-quantitative PCR of FoxP3 promoter in cells obtained at the end of third round of stimulation
(S3), nTregs obtained at the end of the third round of stimulation depleted of CD8 (S3-Expanded CD8), the expanded and
purified CD8" population in S3 (Expanded CD8 + Rapa), CD25*"***? population (CD8 —Rapamycin), and PBMC.
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Finally, to investigate if expanded nTregs retained their inhibitory function in vivo, we used a xenograft model
of lethal GVHD. As illustrated in Fig 4A, the weight loss of control mice receiving PBMC and CD25""¢**? cells
was significantly greater as compared to mice that received PBMC and expanded nTregs (7.2 +1.9gvs.1.9 +
1 g, respectively) (p = 0.0045). In addition, by day 60, mice receiving expanded nTregs had delayed
occurrence or no signs of GvHD (Fig 4B), and showed normal size of the spleen as compared to controls (Fig
4C). Finally, mice co-infused with expanded nTregs revealed no histopathological lesions compatible with
GvHD in their skin, nose, or ear (Fig 4D), and showed significantly improved overall survival as compared to
control mice (p<0.0003) (Fig 4E).
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infiltrating CD8" T cells. Panel e. Kaplan-Meier survival curve comparing NSG mice receiving human PBMC alone or in
combination with expanded nTregs or expanded control CD25°%*%*** cells (12 animals for each group) (*p = 0.0003).

Our proposed strategy has significant advantages. First, we have minimized the cell purification process to a
single immune magnetic selection step based on their CD25 expression, which is sufficient to minimize the
presence of CD8'CD25" cells in the final Treg products, provided that rapalogs are added to the cultures
during the expansion phase of the selected cells. Importantly, we have observed that, in the presence of
rapalogs, any “contaminating” CD8"CD25" cells persisting at the end of the 21 days of culture show inhibitory
properties and methylation of FoxP3 promoter. This is in accordance with previous observations showing that,
in specific culture conditions, CD8" cells may develop suppressive activity. Second, and most importantly, we
have optimized a robust and cost-effective expansion protocol of Tregs. Stimulation of Tregs is obtained with
anti-CD3/CD28 mAbs and feeder cells, which are less expensive than coated beads. In addition, cells are
easily accommodated, with minimal manipulation, in small gas permeable static culture flasks (G-Rex) that
promote efficient gas exchange and availability of nutrients to the cells, while diluting waste products.
Remarkably, expanded Tregs had no significant shortening of their telomere lengths, indicating their potential
capacity to undergo further divisions in vivo after adoptive transfer, and retained inhibitory function after
freezing and thawing. This developed methodology allowed us to generate sufficient Tregs to accomplish our
specific project. In addition, we have implemented a cost-effective and simplified production of nTregs that will
likely facilitate the implementation of clinical trials based on the infusion of these cells to control GvHD after
allogeneic HSCT and graft rejection in solid organ transplant recipients, and to treat autoimmune diseases.

Having optimized the methodolody to generate large amount of fully functional Tregs, we then demonstrated
that our proposed hypothesis that the genetic manipulation of EBV-CTLs to express CAR-GD2 and IL-7Ra
renders these cells resistant to the inhibitory effects of Tregs in vitro and in vivo in a xenograft neuroblastoma
model is correct. The results of these experiments have been summarized in manuscript #2 listed in the
Reportable Outcome section (Perna et. Clinical Cancer Research in press).




Briefly, to restore the responsiveness to IL-7 and to redirect the antigen specificity of EBV-CTLs against
neuroblastoma, we generated a bicistronic y-retroviral vector encoding the IL-7Ra and a GD2-specific CAR
linked through a 2A (TAV) sequence (SFG.IL-7Ra.2A.CAR-GD2) (Fig 5A). EBV-CTLs established from 5
healthy EBV-seropositive donors were transduced with the vector, and the expression of both IL-7Ro and
CAR-GD2 was measured by FACS analysis. As shown in Fig 5B, both CAR-GD2 and IL-7Ra were stably
expressed (64% + 3% and 34% + 9%, respectively) in transduced EBV-CTLs, while the expression of the
native IL-7Ro on control cells remained negligible (4% + 1%). To evaluate the functionality of the transgenic IL-
7Ra, we measured the phosphorylation of STATS5 in response to either IL-2 or IL-7. In the absence of
cytokines, control and IL-7Ra.CAR-GD2" EBV-CTLs showed negligible phosphorylation of STAT5 (3% + 2%
and 8% * 4%, respectively). In IL-7Ra.CAR-GD2" EBV-CTLs, near equal STAT5 phosphorylation of Tyr-694
was detected in response to IL-2 (49% * 7%) or IL-7 (38% + 6%, respectively) (p= NS). By contrast, in control
cells, STAT5 was phosphorylated in response to IL-2 (63% * 8%) but not to IL-7 (6% * 5%) (p < 0.05) (Fig
5C). The functionality of the transgenic IL-7Ra was further supported by progressive selection of transgenic
cells if cultures were supplemented with IL-7. As illustrated in Fig 5D, when IL-7Ra.CAR-GD2" CTLs were
stimulated weekly with autologous LCLs and IL-7, the expression of both IL-7Ra and CAR-GD2 progressively
increased between the third and sixth antigen-specific stimulation (from 34% + 9% to 66% =+ 5% for IL-7Ra,
and from 64% =+ 3% to 80% + 7% for CAR-GD2). By contrast, when CTLs were expanded in the presence of
IL-2, no enrichment of either transgenes was observed, since this cytokine equally supports the ex vivo growth
of transduced and non transduced CTLs (data not shown).

v Figure 5. EBV-CTLs are effectively transduced with
A R imme PAT oamops H m ] the bicistronic vector encoding both the IL-7Ra and
B NT [0 IL-7Re.CAR-GD2 the CAR-GD2. Panel A illustrates the schema of the
bicistronic j-retroviral vector encoding the IL-7R«a and
GD2-specific CAR linked through a 2A (TAV) sequence.
Panel B shows the expression of CAR-GD2 (top
histogram) and IL-7R« (bottom histogram) evaluated by
FACS analysis day 7 after transduction. The dotted line
indicates control EBV-CTLs while the bold line indicates
the transduced EBV-CTLs. The graph represents mean *
SD of 5 donors. Panel C illustrates IL-7Ra expression in
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presence of IL-2 (proliferation: 68% * 6% and 68%
+ 4%, respectively). By contrast, in the presence of IL-7, IL-7Ra.CAR-GD2" but not control EBV-CTLs had
significantly greater proliferation: 63% =* 3% vs. 14% + 1%, respectively (p<0.001). The number of EBV-CTLs
proliferating in response to EBV-LCLs and IL-7 was generally higher than expected based on the ectopic
expression of IL-7Ra. This higher level is likely a consequence of the physiological production of IL-2 by EBV-
CTLs in response to their cognate EBV antigens (EBV-LCLS) (data not shown). Finally, exposure of IL-
7Ra.CAR-GD2" EBV-CTLs to IL-7 did not affect their antitumor properties. As shown in Fig 6B, when EBV-
CTLs were cultured with CHLA-255 cells, only IL-7Ra.CAR-GD2" cells controlled tumor growth in the presence
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of either IL-2 or IL-7 (6% * 1% and 4% = 1%, respectively), while tumor cells outgrew in cultures containing
control EBV-CTLs irrespective of the cytokine added (43% + 5% and 57% =* 12%, respectively) (p<0.001).
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We then used ex vivo expanded CD4"'CD25" Tregs

isolated from healthy donors rather than freshly

isolated Tregs for the following reasons. First, the
*IL-2 L7 experiments required a significant number of Tregs

that could not be obtained upon fresh isolation
even from buffy coat preparations. Second, circulating Tregs obtained after inmunomagnetic selection based
on CD4 and CD25 selection are frequently contaminated by CD4*'CD25'IL7Ra’" cells that lack regulatory
activity, but respond to IL-7 (data not shown)(31). We first confirmed that the nominal Treg population retained
their inhibitory properties. As shown in Fig 7A, the proliferation of activated PBMCs (80% + 3% in the presence
of control CD4"CD25 cells) was significantly inhibited in the presence of the expanded Treg population (27% +
6%) (p< 0.001). We then confirmed that these Tregs, like freshly isolated Tregs(22), lacked expression of IL-
7Ra (3% + 0.4% positive) (Fig 7B). As a consequence, STAT5 was only phosphorylated in these Tregs in
response to IL-2 (MFI = 75 £ 9) (p<0.001) and not in response to IL-7 (MFI = 23 + 3) (Fig 7C). Finally, a CFSE-
based dilution assay showed that Tregs only proliferated after polyclonal activation in the presence of IL-2 and
not on exposure to IL-7 (MFI 1439 + 207 vs 445 + 68, respectively; p<0.001) (Fig 7D).

A Ctr +Tregs B Ctr +Tregs Figure 7. Ex vivo expanded Tregs do not

' 7% | ' I 1wl . 1w respond to IL-7. Panel A shows a CFSE-based

[ assay to illustrate the inhibitory activity of ex vivo
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presence of Tregs (right histograms) at a ratio of

c. .tz *l7 ~~Nocytokine  1:1. CFSE dilution was measured on day 7 of

100 . . 89% .1 4 1P —Cytokine culture by flow cytometry. The graph represents
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: 0.001. Panel C shows the phosphorylation of
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: stimulated with IL-2 (left panel) or IL-7 (right

panel). Panel D illustrates the proliferative

response of Tregs exposed to IL-2 or IL-7. Tregs were labeled with CFSE and stimulated in the presence of IL-2 (left

panel) or IL-7 (right panel). CFSE dilution was evaluated on day 7 by flow cytometry. The solid and dotted lines represent
the CFSE dilution of Tregs stimulated with or without cytokines, respectively.
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Having demonstrated that IL-7 supports the proliferation and function of IL-7Ra.CAR-GD2" EBV-CTLs, we
then investigated whether the beneficial effects of IL-7 were maintained in the presence of functional Tregs. As
illustrated in Fig 8A, when IL-7Ra.CAR-GD2" EBV-CTLs were cultured with CHLA-255 cells (effector:target
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ratio of 1:2) they significantly controlled the growth of these tumor cells by day 7 of culture in the presence of
either IL-2 or IL-7 (residual cells were 6% + 1% and 4% = 1%, respectively). By contrast, when expanded
Tregs were added to the co-culture (ratio CTLs:Tregs 1:1), the antitumor activity of IL-7Ra.CAR-GD2" EBV-
CTLs was significantly inhibited in the presence of IL-2 but not of IL-7 (residual cells in culture: 14% * 3% vs.
7% + 2%, respectively; p<0.05). In addition, IL-7 also supported the proliferation of IL7Ra.CAR-GD2" EBV-
CTLs in the presence of Tregs upon physiological costimulation with autologous LCLs. As the CFSE dilution
assay shows in Fig 8B, the proliferation of IL-7Ra..CAR-GD2" EBV-CTLSs in response to IL-2 (68% * 4%) was
significantly compromised in the presence of Tregs (to 34% + 6%, p<0.01). In contrast, when IL-7 was added
to the culture, IL-7Ra.CAR-GD2" EBV-CTLs divided well even in the presence of Tregs (proliferation was 63%
+ 3% without Tregs and 56% + 2% in the presence of Tregs). The CFSE dilution of IL-7Ra..CAR-GD2" EBV-
CTLs co-cultured with Tregs was significantly increased in the presence of IL-7 as compared to I1L-2 (p=0.005).

L 7R CAR.GD2 EBVCTLS B L-7Re.CAR-GD2 EBV-CTLs Figu_re 8: IL-7, unIike_ IL-2, supports in vitio the
_noTregs _ +Tregs [ 1L-7R0.CAR-GD2 EBV-CTLs + Tregs proliferation and function of IL-7TRa.CAR-GD2" EBV-
oo 15% 20 . CTLs in the presence of Tregs. Panel A. IL-7TRa.CAR-
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S

Sx p I

(]

A

15
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independent experiments. * p<0.01; ** p=0.005
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L2 L7 To assess the in vivo capacity of IL-7 to support the

antitumor activity of IL-7Ra.CAR-GD2" EBV-CTLs,
we used NSG mice engrafted i.p. with the FFLuc” cell line CHLA-255. As shown in Fig 9, control mice that
received only tumor cells or control CTLs showed a rapid increase of the bioluminescence signal (2.3 x 10% + 3
x 10" photons) and were sacrificed by day 18. Mice infused with IL-7Ra.CAR-GD2* EBV-CTLs and IL-2 had
superior tumor control (1.6 x10® + 2 x 107 photons at day 34), but this effect was abrogated when Tregs were
co-infused (2.4 x 10° + 4 x 10’ photons at day 34, p<0.05). In contrast, mice infused with IL-7Ra.CAR-GD2*
EBV-CTLs and IL-7 controlled tumor growth equally well in the absence (1.2 x 10® + 3 x 10’ photons) or in
presence of Tregs (1.3 x 10 + 6 x 10° photons) at day 34.

—s— NT Figure 9. IL-7, but not IL-2, supports

—4—  IL-7R0.CAR-GD2 EBV-CTLs + Tregs + IL-2 in vivo anti-tumor activity of IL-

A. IL-7Ro CAR-GD2 EBV-CTLs B. ~& |W/RxCARGDZEBVCILs*IL2 7Ra.CAR-GD2" EBV-CTLs in the
NT IL-2  IL-2/Tregs IL-7  IL-7/Tregs _;‘ :t_;gzﬁﬁg_ggi;gigi+ITLF_6795 IL-7 presence of Tregs. NSG mice
235 engrafted i.p. with CHLA-255 cells

2301 tagged with FFLuc were infused with

IL-7Ra.CAR-GD2" EBV-CTLs and
received IL-2 + Tregs or IL-7 + Tregs.
Tumor growth was monitored using an
in vivo imaging system (Xenogen —
IVIS imaging system). A group of mice
received control EBV-CTLs or tumor
cells only (Control). Panel A shows
the images of different groups of mice.
Panel B illustrates the mean + SD of

1.0

photons for 8 mice/group in two independent experiments. * p<0.05.

As a conclusion of this work, we developed a strategy that selectively promotes the in vivo expansion of CAR-
redirected CTLs without favoring the proliferation and function of Tregs that may limit long-term persistence
and activity of the infused effector cells and thereby compromise antitumor efficacy. Here we demonstrate that

9



CAR-redirected EBV-CTLs engineered to regain responsiveness to IL-7 by restoring their expression of IL-
7Ra, proliferate in response to a combination of native TCR receptor and IL-7 stimulation without favoring the
expansion and function of Tregs. As a consequence, we observed an increase in their CAR-mediated anti-
neuroblastoma activity, even in the presence of Tregs.

Task 2. To evaluate the contribution of IL-7Ra ligation and co-stimulation from viral-infected target
cells on the development of long-lived memory CAR-GD2-mofied EBV-CTLs in a humanized SCID
mouse model previously engrafted with human hematopoietic stem cells (time frame months 12-48).

To develop this task we have generated artificial antigen presenting cells (aAPCs) to express CD40L and
OX40L efficiently boost in vitro virus specific CTLs. Briefly, in order to develop a cellular vaccine to reactivate
pp65-specific T cells, we generated aAPCs by engineering K562 to express either CD40L or OX40L or
pp65/eGFP or the combinations CD40L/pp65 and OX40L/pp65. Single cell clones were used for the
experiments. The expression of CD40L, OX40L and pp65 were assessed by FACS analysis (Fig 10A) and by
western blotting (Fig 10B), respectively. To verify if apoptotic bodies derived from irradiated aAPCs can be
taken up by monocytes, we stained monocytes and aAPCs with red and green fluorescent cell linker for
phagocytic cell labeling, respectively. During the coculture we observed that monocytes can indeed capture
apoptotic bodies from irradiated aAPCs (Fig 10C). We observed that CD40L expression on aAPCs effectively
induces maturation of professional APCs. Indeed, when isolated monocytes were cocultured with aAPCs, we
found rapid up-regulation of CD80, CD83, CD11c and HLA-DR on monocytes 24 hours after stimulation (Fig
10D). The capacity of aAPCs to elicit pp65-specific T cells was assessed in experiments in which PBMC
collected from CMV seropositive donors were cocultured with irradiated aAPCs. As shown in Fig 10E, after 10
- 12 days of culture, aAPCs expressing pp65 reactivated CMV-specific T cells as demonstrated by the
increased frequencies of IFNy spot forming units (SFU). In this set of experiments, we decided to leave out
the K562/0X40L/pp65 because they did not show capacity to induce maturation of professional APC
or promote uptake of apoptotic bodies. Although inferior to the PBMC loaded with pp65 peptides (INFy SFU
789 + 130), aAPCs expressing pp65 were effective in reactivating CMV-specific T cells (INFy SFU 83 + 25 vs.
292 + 56, 502 + 104, 477 + 91 for K562, K562/pp65, K562/CD40L/pp65, K562/CD40L/OX40L/pp65
respectively; p<0.001). The addition of CD40L significantly increased the boosting of CMV-specific T cells
(INFy SFU 292 + 56 vs. 502 = 104 for K562/pp65 and K562/CD40L/pp65, respectively; p=0.034). The
combination CD40L/OX40L was similar to CD40L alone (INFy SFU 292 + 56 vs. 477 + 91 for K562/pp65 vs.
K562/CD40L/OX40L/pp65, respectively p=0.021). As expected control PBMC and PBMC stimulated either with
wild type K562 or K562/CD40L or K562/0X40L did not stimulate CMV-specific responses (INFy SFU 111 + 22,
83 £ 25, 96 + 27 and 92 + 19). In all cases an irrelevant peptide was used as a negative control, and in all
cases the IFNy reactivity was negligible (< 30 SFU/10° cells). Phenotypic analysis of expanded cells by day 10
— 12 of culture showed a significant difference in natural killer (NK, CD3'CD56") cells in presence of
CD40L/pp65 (31% = 13%) and CD40L/OX40L/pp65 (31% * 14%) aAPCs compared to aAPC encoded for
pp65 alone (47% + 15%) p=0.014.
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using IFNy ELlIspot; the graft represents the mean + SEM SFC/1 0° input cells. Controls were stimulated with an irrelevant
pepmix.

Having generated functional aAPCs we then demonstrated that these cells can boost in vivo virus specific
CTLs. Briefly, having demonstrated in vitro the functional activity of the aAPCs, we then assessed their
capacity to boost in vivo CMV-specific T-cell responses. NOG/SCID/y.,” mice were coinfused with PBMC
obtained from CMV seropositive donors and aAPCs. Mice were then vaccinated 3 times with irradiated aAPCs
in vivo, and immune responses elicited were measured 7 days after the last vaccinations (Fig 11A). In the
majority of cases, mice infused with aAPCs encoding pp65 irrespective of the presence of CD40L and OX40L
showed larger spleens than mice infused with control aAPCs expressing CD40L/OX40L but lacking pp65 (data
not shown). However, as illustrated in Fig 11B, at the time of the analysis we found that aAPCs expressing
either CD40L or OX40L increases the engraftment of human CD45" cells (28% + 4% and 31% * 6%, for
CD40L/OX40L and CD40L/OX40L/pp65, respectively). A lower percentage of CD45 engraftment was observed
compared to CD40L/OX40L and CD40L/OX40L/pp65: in CD40L/pp65 (20% + 6%, p=NS) and pp65 alone
(p=0.014 and p=0.033, respectively). Immunophenotype of CD45" cells isolated from the spleens has shown a
significant difference in the percentage of CD4" T cells (p=0.017) in the condition in which the aAPCs express
both costimulatory molecules and pp65 alone; similar engraftment of CD8+, NK and CD19+ was observed in
all experimental group (Fig 11C). In sharp contrast, vaccination with aAPCs expressing CD40L/OX40L/pp65
strongly influenced the frequency of CMV-specific T-cell precursors. As shown in Fig 11D, although T cells
recovered from the spleens of mice coinfused with aAPCs showed detectable CMV-specific precursors in all
experimental conditions, the combination in vivo of K562/CD40L/pp65 and K562/0X40L/pp65 showed the
highest elicitation of CMV-specific T-cell precursors (101 + 21 IFNy SFU/10° cells) compared to the
combination of K562/CD40L and K562/0X40L (28 + 6 IFNy SFU/10° cells) (p<0.001) and pp65 alone (53 + 22
IFNy SFU/10° cells) (p=0.048).
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expressed by neuroblasts can also be boosted. Briefly, we generated CAR-GD2 redirected CMV CTLs which
were stimulated with aAPCs in presence of autologous PBMC to test the capacity of aAPCs to boost CAR T
cells. In this set of experiments, we evaluated if CD40L/OX40L/pp65 aAPCs, which have showed better
capacity to stimulate CMV responses, retained this ability also with CAR redirected CMV CTLs. We performed
the experiments using CD40L/OX40L. Based on the previous data we decide to do not test the K562/pp65
because they do not show similar or better capacity of reactivation of CMV specific T cells in seropositive
donors. In Fig 12A, CAR redirected CMV CTLs stimulated with CD40L/OX40L/pp65 aAPCs showed significant
enrichment of pp65 frequency (1397 + 212 SFU/10° cells) compared to CD40L/OX40L aAPCs stimulation (749
+ 146) (p=0.004). The analysis of CAR responses by IFNy ELISpot showed that CD40L/OX40L/pp65 aAPCs
are able to boost significantly better also the CAR T cells 2819 + 452 SFU/10° cells compared to using
CD40L/OX40L aAPCs (1610 + 267 SFU/10° cells, p=0.002). The phenotypes of these cells indicated that the
pp65 and CAR enrichments observed by ELISpot analysis after using CD40L/OX40L/pp65 aAPCs correlated
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with higher CAR expression, in terms of percentage of expression or mean of fluorescence intensity (MFI), and
pp65 tetramer staining (Fig 12B). We then tested if after boosting the CAR redirected CMV-CTLs maintained
activity versus specific targets. We performed a standard °'Cr-release assay, and we observed that CAR
redirected CMV-CTLs retained effector function against GD2" and pp65 pulsing target cells; in particular
specifically lysed was observed in GD2" CHLA-255 cells (55% + 17% and 63 + 14% CD40L/OX40L and
CD40L/OX40L/pp65 stimulated cells respectively) and pp65 pulsed PHAB (31% = 7% and 59 + 3%
CD40L/OX40L and CD40L/OX40L/pp65 stimulated cells respectively). All CTLs showed negligible activity
against the GD2 target cell line Raji (16% + 8% and 11 + 3% CD40L/OX40L and CD40L/OX40L/pp65
stimulated cells respectively) and irrelevant peptide pulsed PHAB (2% *+ 1% and 3 + 1% CD40L/OX40L and
CD40L/OX40L/pp65 stimulated cells respectively) (Fig 11C). As expected, non transduced CMV CTLs lysed
none of these targets except the pp65 pulsed PHAB (50% + 9% and 48 + 17% CD40L/OX40L and
CD40L/OX40L/pp65 stimulated cells respectively). The antitumor activity and the activation of CAR-redirected
CMV CTL were confirmed also by increase of frequencies of IFNyin ELISpot and in co-culture. For the
ELlIspot, we plated T cells and tumor, CHLA 255 (GD2") and Raji (GD2) at ratio 1:1. The analysis after 24
hours showed higher IFNy secretion in presence of GD2" target (295 + 81 and 421 + 21 SFU/10° cells for
CD40L/OX40L and CD40L/OX40L/pp65 stimulated cells respectively) compared to GD2" Raji cells (75 + 341
and 96 + 18 SFU/10° cells for CD40L/OX40L and CD40L/OX40L/pp65 stimulated cells respectively) (Fig 12D).
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pp65 or with irrelevant peptide (irr. pept) were used as target cells. Data summarize mean + SD of 4 independent
experiments. Panel D. shows the IFNy Elispot analysis of CAR-GD2 redirected CMV specific CTL stimulated with different
aAPCs in co-culture with GD2" Tumor (CHLA 255) and GD2™ tumor cells (Raji) at ratio 1:1 effetor:target. Data summarize
mean * SD of 3 independent experiments.

We will continue this project to demonstrate that this approach can be used to boost CAR-redirected CTLs in
Vivo in a xenograft model of neuroblastoma and whether the addition of IL-7Ra may further enhance the effects
of this vaccine in vivo.

Task 3: To co-express CAR-GD2 and HPSE in EBV-CTLs and determine the consequent modulation of
NB tissue infiltration and killing (time frame 1-48).

We first demonstrated that HPSE is defective in ex vivo expanded T cells, but it can be restored by retroviral
gene transfer and this improves T-cell invasive capacity. Briefly, we first assessed whether ex vivo expanded T
cells were defective in their capacity to degrade ECM. Using a Matrigel™-based cell invasion assay, we
compared freshly isolated resting T cells (FI-T) (comprising naive, effector-memory and central-memory T
cells), briefly activated T cells (BA-T) exposed for 24 hours to OKT3/CD28 cross-linking antibodies (Abs), long
term ex vivo expanded T cells (LTE-T) activated and cultured ex vivo for 12-14 days and consisting of central-
memory and effector-memory T cells, and freshly isolated monocytes. Monocytes isolated from 5 different
healthy donors showed the highest capacity to degrade ECM (63% + 23%) (Fig 13A). Consistent with
previously reported data in rodents'?, BA-T showed enhanced invasion of ECM as compared to FI-T (34% +
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8% versus 23% * 8%, respectively; p= 0.05). Conversely, LTE-T had a significantly reduced ability to degrade
ECM (8% * 6%) as compared to both BA-T (p= 0.01) and FI-T (p= 0.022) (Fig 13A). Next to dissect the
mechanism(s) responsible for this observation we evaluated the expression and function of HPSE in each cell
population. In accordance with the cell invasion assay, monocytes and both CD4" and CD8" cells from FI-T
and BA-T retained the expression of the active form of HPSE (50KDa) as assessed by western blotting while
LTE-T lost expression of the enzyme by day 2 of culture, then remaining consistently negative during the
culture period (Fig 13B). Furthermore, HPSE was not re-expressed even when LTE-T were rested and then
reactivated using OKT3/CD28 Abs on day 14 of culture. The lack of HPSE expression by LTE-T was confirmed
by immunofluorescence studies (Fig 13C). The 65kDa precursor form of HPSE was not consistently detected
in all samples analysed. However, in selected samples where the latent and active forms of HPSE could be
simultaneously detected, we found a clear transition from latent to active form in both central-memory
(CD45RO'CD62L") and effector-memory (CD45RO'CD62L) T-cell subsets isolated from PBMC after
stimulation with OKT3/CD28 Abs (data not shown). The absence of the HPSE protein in LTE-T was paralleled
by the down-regulation of the specific mMRNA, as assessed by quantitative RT-PCR. As shown in Fig 13D,
HPSE-specific mMRNA decreased immediately after activation in both CD4" and CD8" T cells compared to
CD14" cells (p<0.005 and p<0.031, respectively) and remained low over the following 14 days of culture. Re-
activation of LTE-T on day 14 of culture with OKT3/CD28 Abs did not restore HPSE mRNA expression in
neither subset. The lack of cellular HSPE in LTE-T was also confirmed by the absence of enzymatic activity in
the culture supernatant. As shown in Fig 13E, HPSE enzymatic activity was detected in supernatants collected
within the first 72 hours after activation of FI-T which can be attributed to its accumulation in the culture media.
However, HPSE enzymatic activity returned to background levels 72 hours later (from 0.34 + 0.2 U/ml and 0.45
+0.27 U/ml, for CD4" and CD8" respectively, to 0.22 + 0.06 U/ml) (Fig 13E).

MCF-7 LTE-T
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M = monocytes. Panel C. Representative
immunofluorescence staining for HPSE in MCF-7, monocytes, FI-T and LTE-T. Nuclei are stained with DAPI and shown in
blue, while HPSE is stained with red-fluorescent dye (Alexa Fluor 555). Magnification is 20X. Panel D. Quantitative RT-
PCR of HPSE in FI-T, BA-T and LTE-T CD4" (black bars) and CD8" (white bars). Fold change in gene expression was
calculated with respect to monocytes. Data summarize means + SD of 4 independent experiments. At day 14 of culture, T
cells were reactivated using OKT3/CD28 Ab, and then analysed on day 15. Panel E. HPSE enzymatic activity was
assessed in supernatants collected from FI-T, BA-T and LTE-T CD4" (circle) and CD8" (square). At day 4 and 14 of
culture, LTE-T were collected, washed and re-suspended in fresh media. On day 14, LTE-T were reactivated using
OKT3/CD28 Ab, and analysed on day 15. For the starting time point (T=0) value we used non-activated T cells rested for
48-72 hours in media. The tumor cell lines CHLA-255, A549 and DU-145, known to release HPSE, were used as positive
controls to estimate assay sensitivity. Monocyte lysates of CD14" cells pooled from 4 different donors were also used as a
positive control.

To explore the mechanism(s) that are involved in HPSE down-regulation in LTE-T, we focused our attention on
p53 that has been previously described to be downregulated in tumor cells that over-express HPSE®. We
measured p53 MRNA expression in activated T cells and found that, in contrast with HPSE mRNA, p53 mRNA
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increases in both CD4" and CD8" T cells upon activation (Fig 14A). This effect was associated with
upregulation of the corresponding p53 protein subunits (Fig 14B). In order to demonstrate a direct link between
p53 upregulation and HPSE downregulation, we evaluated whether p53 binds to the HPSE promoter.
Chromatin immunoprecipitation (ChIP) showed that p53 binds indeed to the HPSE promoter in LTE-T (Fig
14C). To further demonstrate that this event is not simply observed in T cells cultured ex vivo but it
physiologically occurs during the transition from naive (CD45RA") to antigen-experienced T cells (CD45RQO"),
we repeated the ChIP in freshly isolated CD45RA" T cells before and after TCR cross linking. As shown in Fig
14D, CD45RA" cells only show the p53 binding to HPSE promoter 72 hours after TCR cross linking that
dictates their transition from naive to antigen-experienced T cells.

Figure 14. p53 down regulates HPSE gene

A
T 60 D4 = HPSE  T150 co8 - HPSE expression by binding to HPSE promoter. Panel A.
40 =+ p53 gmo P83 Quantitative RT-PCR of HPSE and p53 in FI-T, BA-T
20 5 50 and LTE-T CD4" (left) and CD8" (right). Fold change

in gene expression was calculated respect to FI-T
(T=0). Data summarize means = SD of 3 independent
experiments. At day 14 of culture, T cells were
reactivated using OKT3/CD28 Ab, and then analysed
on day 15. Panel B. Western blotting showing the
expression of HPSE and p53 in FI-T, BA-T and LTE-T
CD3". p-actin staining was used to ensure equal
loading of the samples. Panel C and D. ChIP analysis
was performed in LTE-T and CD45RA" cells before
and after TCR cross linking to demonstrate that p53
binds to HPSE promoter.

Fold change compared to T
Fold change comp

o
OU’!H
o

o » .
A L

O 18h 48h 72h 7d 14d 15d 0 18h 48h 72h 7d 14d 15d

oe]

LTE-T
Oh 18h 72h

50 KDa HPSE . -

B-actin “

53 KDa p53

Input 19G p53

D CD45RA

T=0 —

T=72h

Having found that LTE-T down-regulate the
expression of HPSE, thereby Iloosing their
capability to degrade ECM, we hypothesized that
HPSE re-expression in LTE-T through retroviral gene transfer would restore their invasion capability. As
illustrated in Fig 15A, LTE-T from 9 different healthy donors were successfully transduced with a retroviral
vector encoding both HPSE and eGFP. Subsequent flow cytometry analyses showed that 51% + 18% of the
CD3" cells stably expressing GFP also expressed HPSE as assessed by Western blotting (Fig 15B). As
demonstrated in functional assays, HPSE()eGFP* LTE-T better degrade ECM (48% * 19%) than control LTE-
T (29% £ 18%; p= 0.025) (Fig 15C). This difference was further strengthened when transduced T cells were
enriched for HPSE expression based upon GFP positivity (>90%) and before being tested by the Matrigel™
cell invasion assay (69% + 19%, p< 0.001). The addition of the HPSE-inhibitor, Heparin H1 confirmed that the
restored invasion properties of HPSE(I)eGFP* LTE-T were HPSE-specific, as the invasion of GFP-sorted LTE-
T was significantly reduced from 74% + 14% to 29% + 9% (p< 0.01) (Fig 15D).
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Figure 15. Activated T cells modified to express HPSE
reacquire the capacity to degrade ECM. After activation
with OKT2/CD28 Abs, T cells were transduced with a
retroviral vector encoding HPSE and eGFP
(SFG.HPSE(l)eGFP). Panel A. Dot plots illustrate the GFP
expression of both CD4" and CD8" T cells at day 12 of
culture in one of 9 representative donors. Panel B. Western
blotting analysis showing the expression of HPSE in control
and transduced T cells at day 12 of culture, in one
representative donor. g-actin staining was used to ensure
equal loading of the samples. Panel C. ECM invasion assay
of control and SFG.HPSE(l)eGFP* LTE-T, with or without
selection for GFP expression. Data summarize mean + SD of
9 independent experiments. Panel D. ECM invasion assay of
HPSE-transduced LTE-T in the presence or in the absence
of the inhibitor, heparin H1. Data summarize mean + SD of 4
independent experiments.

We have then generated a bicistronic vector that functionally encodes both HPSE and CAR-GD?2 that targets

neuroblastoma. We found that T cells genetically modified with this novel vector show enhanced invasion.
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Briefly, because the expression of HPSE in LTE-T restores their capacity to degrade ECM, we assessed
whether this property leading to an improved cell invasion could be coupled with an antitumor specificity. We
used neuroblastoma (NB) as a cancer model since we can target this solid tumor with a CAR specific for the
NB-associated antigen GD2'. LTE-T from 5 healthy donors were transduced with retroviral vectors encoding
either the CAR alone or both HPSE and CAR (CAR(I)HPSE). On day 14 of culture, CAR expression was 71%
+ 14% and 56% + 6% when CAR and CAR(I)HPSE vectors were used, respectively (Fig 16A). CAR molecules
were expressed by both CD4" and CD8" T cells (39% + 19% and 60% * 18% for CAR™ T cells; and 38% * 13%
and 61% + 13% for CAR(I)HPSE" T cells). HPSE was consistently detected by Western blotting (Fig 16B) in T
cells transduced with the CAR(I)HPSE vector. Importantly both genes were functional. When tested in a
standard *'Cr-release assay, both CAR* and CAR(I)HPSE" LTE-T lysed the GD2" target LAN-1 (71% + 22%
and 41% + 16%, respectively, at a 20:1 E:T ratio) and CHLA-255 (76% + 7% and 55% + 13%, respectively). In
contrast, CAR" and CAR(I)HPSE" LTE-T showed negligible activity against the GD2™ target Raji (8% + 3% and
2% + 2%, respectively) (Fig 16C). As expected, control LTE-T lysed none of these targets. The antitumor
activity of CAR-modified T cells was associated with a preserved Thl cytokine profile as these cells retained
release of IFNy (927 + 328 and 527 + 320 pg/ml/10° cells for CAR" and CAR(I)HPSE" LTE-T, respectively) and
IL-2 (83 + 6 and 61 + 27 pg/ml/10° cells CAR* and CAR()HPSE" LTE-T, respectively) in response to the
antigen (Fig 16D). In sharp contrast to their comparable cytotoxic function, only CAR(I)HPSE" LTE-T degraded
ECM significantly well (66% + 1%) as compared to CAR" LTE-T or control LTE-T (13% + 9% and 16% + 10%,
respectively) (p= 0.004 and p< 0.001).
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To dissect whether the expression of HPSE provided a selective advantage to CAR™ T cells, we used a more
complex antitumor system ex vivo and we studied anti-NB activity in the presence of ECM for T cells to
degrade in order to reach their tumor targets. Accordingly, we plated LTE-T and tumor cells in a Matrigel
invasion assay and measured the capacity of T cells to degrade ECM and then eliminate CHLA-255 or LAN-1
tumor cells expressing GFP (for flow cytometry quantification). As illustrated in Fig 17A,B, after 3 days of
culture, both CAR" and CAR(I)HPSE" LTE-T eliminated LAN-1 and CHLA-255 tumor cells equally well in the
absence of ECM (less than <3% residual GFP™ cells), as compared to control LTE-T (31% * 6% and 42% +
10% residual GFP" cells, respectively). By contrast, in the presence of ECM, CAR(I)HPSE" LTE-T eliminated
all but 16% * 8% and 19% + 1% of LAN-1 and CHLA-255 cells, respectively compared to residual 37% * 12%
and 52% + 9% in the presence of CAR" LTE-T (p= 0.001). Control LTE-T did not show antitumor activity in any
condition (residual LAN-1 and CHAL-255 45% + 9% and 68% * 3%, respectively), as expected.
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Figure 17. T cells co-expressing HPSE and GD2-
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We finally have demonstrated that coexpression of HPSE and CAR-GD2 in T cells promotes better anti-tumor
activity in two xenograft models of neuroblastoma. These results have been summarized in manuscript # 4
(Caruana et al, submitted for publication). Briefly, to validate our findings in vivo, we established two xenograft
models of NB by implanting NOG/SCID/y.”~ mice intraperitoneally (i.p.) with either CHLA-255 or LAN-1 in the
presence of Matrigel™ to allow the formation of complex and structured tumors. We utilized the i.p. route to
minimize confounding variables related to tumor homing, a known issue in NB tumor models™. After 10 days,
mice received i.p. either control LTE-T, CAR" or CAR(I)HPSE" LTE-T. As shown in Fig 18A, mice implanted
with CHLA-255 and treated with CAR(I)HPSE" LTE-T had a significantly improved survival by day 40 as
compared to mice treated with control LTE-T (p< 0.001) or CAR" LTE-T (p< 0.007). Furthermore, when
surviving mice at day 40 from each treatment group were euthanized, and assessed for the presence of
macroscopic tumors, we found that only 2 of 7 (29%) mice alive and infused with CAR" LTE-T were tumor free.
Conversely, 8 of 17 (47%) mice alive and infused with CAR(I)HPSE" LTE-T had no evidence of tumor. In
another set of experiments, mice were euthanized on day 12-14 after T-cell infusion to measure T-cell
infiltration at the tumor site. The tumors of mice infused with CAR(I)HPSE" LTE-T had greater infiltration of T
cells (4.6% + 2.4%), compared to tumors collected from mice treated with control (0.6% = 0.5; p=0.029) or
CAR" LTE-T (0.1% + 0.1; p=0.043) (Fig 18B). Similar results were obtained in mice engrafted with the NB
LAN-1 cell line (Fig 18C).
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Mice infused with CAR(I)HPSE" LTE-T had a significantly improved survival as compared to mice treated with
control LTE-T (p<0.0001) or CAR" LTE-T (p<0.039) at day 50. Tumors collected from euthanized mice also
showed a reduction in weight when mice were infused with CAR(I)HPSE" LTE-T as compared to control (0.8 g
+0.6 gvs.3.3g+*2.4q) (p=0.039), and a trend when compared to mice infused with CAR* LTE-T (0.8 g + 0.6
gvs. 259+ 29) (p=0.093) (Fig 18D).

Since NB cell lines require Matrigel™ to engraft when infused i.p. to form complex and structured tumors, we
also validated the relevance of our proposed approach in promoting T-cell infiltration of the tumor by
intrarenally implanting CHLA-255 cells labeled with Firefly luciferase in NOG/SCID/y.” mice, since this
orthotopic approach develops solid tumors without the use of Matrigel'®. Tumor sections from mice infused with
CAR(I)HPSE" LTE-T showed enhanced infiltration of T cells within the tumor compared with CAR™ LTE-T (173
+ 32 and 357 + 72 CD3" for CAR" and CAR(I)HPSE" LTE-T, respectively; p=0.028) (Fig 19A,B,C). The long-
term observation of the infused mice also showed improved survival of mice infused with CAR()HPSE" LTE-T
by day 50 (p<0.005) (Fig 19D).
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Our data show for the first time that the ex vivo culture required to generate tumor-specific T cells for treatment
of cancer patients impairs their physiologic production of HPSE, a key enzyme for the degradation of the
HSPGs present in ECM and cell surface. Lack of HPSE limits tumor-directed T-cell invasion through the
stroma impeding efficient access to the cancer cells. While expression of HPSE by gene transfer restores the
capacity of CAR-redirected T cells to degrade HPSGs of the tumor stroma enhancing their antitumor effects in
a neuroblastoma model. This manuscript is almost ready for submission (Caruana et all).

KEY RESEARCH ACCOMPLISHMENTS

e We optimized the methodology to expand ex vivo fully functional regulatory T cells (Tregs) (as
assessed in a model of graft versus host disease (GvHD)) that can be used for the experiments in vitro
and in vivo proposed in this task of the proposal. The results of these experiments have been published
in manuscript #1 listed in the Reportable Outcome section (Chakraborty R et al. Haematologica. 2013
Apr;98(4):533-7).

o We formally demonstrated that our proposed hypothesis that the genetic manipulation of EBV-CTLSs to
express CAR-GD2 and IL-7Ra renders these cells resistant to the inhibitory effects of Tregs in vitro and
in vivo in a xenograft neuroblastoma model is correct. The results of these experiments have been
summarized in manuscript #2 listed in the Reportable Outcome section (Perna et. Clinical Cancer
Research in press).

¢ We have generated artificial antigen presenting cells (aAPCs) that express pp65, CD40L and OX40L
efficiently boost in vitro virus specific CTLs.

¢ We have demonstrated that these engineered aAPCs boost in vivo virus specific CTLs in a xenograft
model.
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¢ \We have demonstrated that engineered aAPCs boost in vitro virus specific CTL redirected with a CAR
that targets the GD2 antigen expressed by neuroblasts.

¢ We have demonstrated that HPSE is defective in ex vivo expanded T cells, but it can be restored by
retroviral gene transfer and this improves T-cell invasive capacity.

¢ We found that HPSE down regulation in activated T cells is mediated by p53.

e We have generated a bicistronic vectors that functionally encodes both HPSE and CAR-GD2 that
targets neuroblastoma. We found that T cells genetically modified with this novel vector show enhanced
invasion of the cellular matrix.

e We demonstrated that T cells coexpressing HPSE and CAR-GD2 promote better anti-tumor activity in
two xenograft models of neuroblastoma. These results have been summarized in manuscript # 4
(Caruana et al, manuscript in preparation).

REPORTABLE OUTCOMES

1 Chakraborty R, Mahendravada A, Perna SK, Rooney CM, Heslop HE, Vera JF, Savoldo B, Dotti G. Robust
and cost effective expansion of human regulatory T cells highly functional in a xenograft model of graft
versus host disease. Haematologica. 2013 Apr;98(4):533-7.

2 Perna S, Pagliara D, Mahendravada A, Liu H, Brenner M, Savoldo B and Dotti G.Interleukin-7 mediates
selective expansion of tumor-redirected cytotoxic T lymphocytes without enhancement of regulatory T-cell
inhibition. Clinical Cancer Research in press.

3 Arber C, Abhyankar H, Heslop H, Brenner MK, Dotti G, Savoldo B. The immunogenicity of virus-derived
2A sequences in immunocompetent individuals. Gene Therapy2013 Sep;20(9):958-62.

4 Caruana |, Savoldo B, Hoyos V, Weber G, Marchetti D and Dotti G. Restoring deficient expression of
heparanase in tumor-specific T lymphocytes enhances their anti-tumor effects. Manuscript in prparation.

CONCLUSIONS

From Task 1 we have demonstrated that our proposed approach to modulate the IL-7/IL-7Ra receptor axis in
EBV-CTLs redirected with a CAR that targets the GD2 antigen expressed by neuroblastoma promotes the
expansion of these cells in response to IL-7 without favoring the expansion of Tregs. This is highly relevant
since this strategy will support better expansion of these cells in patients with neuroblastoma without promoting
Tregs that are particularly abundant in these patients and significantly contribute in blocking immune
responses.

From Task 2 we have generated artificial antigen presenting cells aAPCs that can boost virus-specific CTLs
expressing a CAR GD2 specific. We will continue to validate these aAPCs in a xenograft model of
neuroblastoma. If the experiments are successful, this represents another relevant strategy that can be added
to the one described in Task 1 to promote the survival on CAR-redirected CTLs in patients with neuroblastoma.

From task 3 we have discovered a major deficiency of T cells used for adoptive immunotherapy. These cells
lack the expression of a key enzyme — HPSE - that drives their infiltration of the stroma of solid tumors. We
also demonstrate that this defect can be repaired enhancing the capacity of these cells to eliminate
neuroblastoma cells in a relevant xenogenic mouse model. This approach may also play a crucial role in
improving the clinical efficacy of CAR-redirected CTLs.
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functional in a xenograft model of graft-versus-host disease
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ABSTRACT

The low frequency of naturally occurring regulatory T cells (nTregs) in peripheral blood and the suboptimal pro-
tocols available for their ex vivo expansion limit the development of clinical trials based on the adoptive transfer
of these cells. We have, therefore, generated a simplified, robust and cost-effective platform for the large-scale
expansion of nTregs using a gas permeable static culture flask (G-Rex) in compliance with Good Manufacturing
Practice. More than 10° putative Tregs co-expressing CD25 and CD4 molecules (92+5%) and FoxP3 (69+19%)
were obtained within 21 days of culture. Expanded Tregs showed potent regulatory activity in vitro (80+13% inhi-
bition of CD8" cell division) and in vivo (suppression or delay of graft-versus-host disease in a xenograft mouse
model) indicating that the cost-effective and simplified production of nTregs we propose will facilitate the imple-
mentation of clinical trials based on their adoptive transfer.

Introduction

Regulatory T cells (Tregs) are implicated in controling graft-
versus-host disease (GvHD) post allogeneic hematopoietic
stem cell transplantation (HSCT)' prompting the quest for
novel therapies based on their adoptive transfer.

Initial studies to prevent or treat GVHD** were based on the
infusion of freshly isolated naturally occurring Tregs (nTregs)
circulating in peripheral blood.* Even though these studies
established the overall safety of Treg-based therapies, they
also clearly indicated that the low numbers of Tregs collected
from the peripheral blood are inadequate for controlling
GvHD.? Given these limitations, protocols aimed at effective-
ly selecting and expanding ex vivo fully functional nTregs in
compliance with Good Manufacturing Practice (GMP) are
badly needed.

Here we describe a simplified and cost-effective methodol-
ogy that consistently and reproducibly expands nTregs that
retain potent inhibitory function both in vitro and in vivo.

Design and Methods

Isolation of nTregs and culture conditions

Buffy coats were obtained from healthy volunteer donors (Gulf
Coast Regional Blood Center, Houston, TX, USA) (IRB H-7634).
Putative nTregs (CD4°CD25**") were enriched from peripheral blood
mononuclear cells (PBMC) using positive selection, after labeling cells
with a minimal amount of CD25-specific microbeads (2 uL/10” cells;
Miltenyi Biotec Inc., Auburn, CA, USA).>® Immediately after selection
(Day 1), CD25"#" cells (10° cells/mL) were resuspended in complete
medium, consisting of RPMI1640 (Hyclone, Logan, UT, USA), 10%
AB-human serum (Valley Biomedical, Winchester, VA, USA), 2 mM L-
glutamine (BioWhittaker Inc., Walkersville, MD, USA), penicillin-
streptomycin (BioWhittaker), and p-mercaptoethanol (50 uM)
(Invitrogen, Carlsbad, CA, USA) and then activated with anti-CD3

(OKTS3, Orthoclone, Cilag Ag Int., Zug, Switzerland) (1 ug/mL) and
anti-CD28 monoclonal antibodies (mAb) (1 ug/mL)° (BD Biosciences
PharMingen, San Diego, CA, USA) in the presence of temsirolimus
(LC Laboratories, Woburn, MA, USA) at a final concentration of 100
nM.” On Day 7 (S1), cells were harvested, washed, counted and seed-
ed in a G-Rex10° (Wilson Wolf Manufacturing, Saint Paul, MN, USA)
(http://www.wilsonwolf.com/) and supplemented with soluble OKT3 (1
ug/mL), CD28 mAb (1 ug/mL), rIL-2 (50 IU/mL)° (Proleukin; Chiron,
Emeryville, CA, USA), temsirolimus (100 nM) and irradiated (40 Gy)
allogeneic feeders obtained from at least two pooled CMV-seronega-
tive donors meeting testing requirements for whole blood donation
(1:5 Treg:feeders ratio). On Day 14 (S2), cells were seeded in the G-
Rex100° and supplemented with the same reagents used in S1. On
Day 21 (S3), cells were harvested, counted and used for functional
experiments. CD25 depleted cells (CD25°%) expanded in parallel
without temsirolimus were used as control cells. To further validate
our approach for clinical use, putative nTregs were isolated using the
CliniMACS device. Briefly, PBMC were labeled with clinical grade
CD25-specific microbeads (18 uL buffer and 2 uL of beads for 1 x 10/
cells). After incubation and washes, cell selection was then started
according to E-cell System software version 3.2. At the end of the
selection, cells were expanded as described for small-scale experi-
ments. On Days 14 (S2) and 21 (S3), aliquots of expanded Tregs were
cryopreserved in dimethyl sulfoxide (DMSO) according to standard
procedure and stored in liquid nitrogen.

Results and Discussion

Naturally occurring Tregs undergo robust ex vivo expansion
in the G-Rex device

The methodology to isolate and expand nTregs is graphi-
cally summarized in the Ounline Supplementary Figure S1. To
reduce the complexity of the process of selection from the
peripheral blood, we isolated putative nTregs exclusively
based on their bright expression of the CD25 molecule

©2013 Ferrata Storti Foundation. This is an open-access paper. doi:10.3324/haematol.2012.076430

The online version of this article has a Supplementary Appendix.

Manuscript received on August 24, 2012. Manuscript accepted on November 13, 2012.

Correspondence: gdotti@bcm.edu

l haematologica | 2013; 98(4) -



- 534 haematologica | 2013; 98(4)

R. Chakraborty et al.

A
2007
—+=
1507 4 ‘
= ) — 10
hatt 10° 10" 10* 10° 10* 10 10° 10* 10° 10" 10* 10° 10*
© 1001 2
= N cD8 CcD62L FOXP3 =—>
504 5:92% |10 o 39% 2%
10@ . e 105 .
—— 10 :
Dayl §1  S2  S3 10§ ™
un. 1 z 3 410 0 —"'1' N 40N 410 :""—'1 N s 4
B 8001 10° 10" 10% 10° 10* 10° 10 ’]0 10° 10* 10° 10" 10 10° 10
CD4 CCR7 === (D127
100 100 Oyt
600 © g Tt Oom U
o é 80 D% Dgg S 80 E@“ v v
S s 5
£ 4001 S 60] 5 60
2 2 2,
[72]
= 2001 g 407 g 40
S 201 w 20
X
24 well G-Rex device T T T T 0 T T T T
Day 1 S1 S2 S3 Day1  S1 S2 S3
1007
Day0 S1 82 S3 g °
y - —— — — 80-
"k P
84 5 60- % T
(&) S n
N 2 40
- s
28 S 20
) =
UM UMUM UM 0 : . .

Methylation Status

Figure 1. Robust ex vivo expansion of nTregs in the G-Rex device. (A) illustrates the number of nTregs obtained after 1, 2 or 3 (S1, S2 and
S3) weeks of culture in the G-Rex device. Data illustrate average and standard deviations (SD) for 7 independent experiments. (B) Compares
the fold expansions of nTregs cultured in 24-well plates or in the G-Rex device. Data show mean + SD of 7 independent experiments. (C)
Shows the flow cytometry plots of expanded nTregs on Day 21 (S3). The panels illustrate CD4, CD25, CCR7, CD127 and FoxP3 expression
for one representative donor. (D) lllustrates the expression of CD25, CD4 and FoxP3 in expanded nTregs after each round of stimulation (S1,
S2 and S3). Data summarize the results of 7 independent experiments. (E) Shows the methylation-specific semi-quantitative PCR of the
FoxP3 promoter in nTregs and control CD25°" cells obtained after each round of stimulation (S1, S2 and S3).

(CD25" cells) without additional selection steps. Starting
from 4.5x10°+1x10° PBMC (obtained from 50 mL of buffy
coat products), we recovered 3x10°+1x10° cells. Upon
selection, these cells consistently co-expressed CD4 and
CD25 molecules (95%+5%), with limited contamination
by CD8* cells. On Day 7 (S1) and Day 14 (S2),
2.9x10°+0.5x10° and 7.7x10"+1.7x10” cells were obtained,
respectively. After the third stimulation (Day 21, S3), we
recovered 1.8x10°+7.6x107 cells, corresponding to an over
600-fold expansion (Figure 1A). This degree of expansion
was significantly higher than that obtained in parallel
experiments (5-6 fold) in which isolated nTregs were
grown using the same protocol but plated in conventional
24-well tissue culture plates (cells at Day 21 were
5.3x10°£1.6x10° starting from 1x10° (Figure 1B). The per-
centage of CD4'CD25" cells remained stable over three
weeks of culture and was 92+5% by Day 21, with
69+£19% of the cells expressing FoxP3 (Figure 1C and D).
Expanded nTregs retained their expression of the lymph

node homing molecules CD62L and CCR7 (69+4% and
39+3%, respectively), and lacked expression of the IL-7Ra
(CD127) (2+1.2%), a known feature of Tregs.” Of note, the
percentage of FoxP3* cells significantly increased from
Day 1 to Day 21 of culture. FoxP3 promoter remained con-
sistently unmethylated indicating the commitment of the
expanded cells to the Treg state, despite some of them
lacking FoxP3 protein expression by Day 21 of culture
(Figure 1E)." In contrast, the FoxP3 promoter of cultured
CD25"* control cells remained consistently methylated
(Figure 1E). The phenotypic analysis of CD25* cells after
three stimulations (S3) showed that CD4, CD25, FoxP3,
CCRS and CCR7 were expressed by 55+21%, 7+6.5%,
12+11%, 9+7 %, and 11+£5% of the cells, respectively.

Ex vivo expanded nTregs maintain robust suppressive
activity without undergoing senescence

Using a CFSE-based suppression assay, we found equal
suppression of T-cell divisions by either freshly isolated
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Figure 2. Ex vivo expanded nTregs retain robust suppressive function without undergoing cell senescence. (A) The inhibitory activity of freshly
isolated nTregs, expanded nTregs (S3), and expanded CD25° cells was assessed using a CFSE-based suppression assay. Panels illustrate
the inhibitory activity of nTregs for a representative experiment. (B) The graph summarizes average and SD of the inhibitory function of
nTregs for 7 independent experiments. (C) The graph illustrates the relative telomerase length (RTL) in freshly isolated nTregs (Day 1) and
expanded nTregs at S1, S2 and S3. Data show mean £ SD for 7 independent experiments. (D) Contaminating CD8* cells at Day 21 of culture
were isolated and analyzed for their suppressive activity and compared to nTregs. Panels illustrate the inhibitory activity for one representa-
tive experiment. (E) The graph summarizes average and SD of the inhibitory function of contaminating CD8* cells and nTregs for 7 independ-
ent experiments. (F) Methylation-specific semi-quantitative PCR of FoxP3 promoter in cells obtained at the end of third round of stimulation
(S3), nTregs obtained at the end of the third round of stimulation depleted of CD8 (S3-Expanded CD8), the expanded and purified CD8* cells
in S3 (Expanded CD8 + Rapa), CD25°* population (CD8-Rapamycin), and PBMC. (G) lllustrates the expression of FoxP3 (after three stimu-
lation, S3), and of CCR7 and CCR5 (after each stimulation, S1, S2, and S3) in the contaminating CD8" cells. Data summarize the results of

5 independent experiments.

nTregs or expanded nTregs (S3) (80+10% and 80+13% sup-
pression, respectively) (P<0.0001). No suppression was
observed in the presence of expanded control CD25"* cells
(12+9% suppression) (Figure 2A and B). Importantly, the
robust expansion of nTregs achieved in the G-Rex device
was obtained without significantly compromising their
telomere length. In freshly isolated nTregs (Day 1) and
expanded nTregs at S1, S2 and S3, relative telomerase
length (RTL) was 3.4£0.96%, 3+0.98%, 3+0.99%,
2.8+1.8%, respectively (Figure 2C), suggesting that, in addi-
tion to cell divisions, a significant preservation of cell viabil-
ity contributes to the large number of cells expanded in the
G-Rex device. Since by Day 21, expanded nTregs contained
contaminating CD8* cells (10+3.7%), we specifically
assessed the functionality of these cells, as the infusion of

functional CD8" cells in the allogeneic HSCT setting may
exacerbate GvHD and thus compromise the protective
effects of Tregs. As illustrated in Figure 2D and E, T-cell divi-
sions were suppressed equally well when either freshly iso-
lated nTregs, expanded nTregs or selected CD8* cells were
added to the culture (80£8%, 76+8%, and 66+14% sup-
pression, respectively) (P<0.001), suggesting that contami-
nating CD8" cells likely acquired inhibitory properties dur-
ing the ex vivo culture conditions. This inhibitory function of
expanded CD8" cells was corroborated by the detection of
the unmethylated form of the FoxP3 promoter in these cells
(Figure 2F). Even if we cannot exclude that some of the con-
taminating CD8" cells have effector function, experiments
in which the suppression assays were performed using dif-
ferent ratios of CD8" cells and T-effector cells showed that
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Figure 3. Expanded nTregs control GVHD in a xenogeneic mouse model. Irradiated NSG mice were infused with PBMC either alone or in com-
bination with expanded nTregs (S3) or expanded control CD25° cells at 1:1 ratio. (A) The graph illustrates the measurements of the weight
of the NSG mice. Data show mean £ SD of 12 animals for each group (*P=0.0001). (B) Images show that control mice developed signs of
GvHD, such as hair loss and orbital tightening. (C) Spleen enlargements were observed in mice infused with control CD25° cells. (D)
Representative H&E and immunohistochemistry staining for CD8" cells in tissue sections obtained from skin, nose, ear, and spleen of treated
mice. Control mice showed evidence of chronic dermatitis, with moderate diffuse epithelial hyperplasia, hyperkeratosis and marked multi-
focal coalescing subcutaneous and dermal mononuclear inflammatory cell infiltrates. Arrows indicate infiltrating CD8* cells. (E) Kaplan-
Meier survival curve comparing NSG mice receiving human PBMC alone or in combination with expanded nTregs or expanded control

CD25" cells (12 animals for each group) (*P=0.0003).

their overall inhibitory function was significantly retained
at 1:10 dilution (Online Supplementary Figure S2). The pheno-
typic analysis of these CD8" cells showed that 25+13% of
them expressed FoxP3 and 11+1.6% and 22+2.3%
expressed CCR5 and CCR7, respectively (Figure 2G).

Expanded nTregs control GvHD in a xenogeneic
mouse model

To investigate whether expanded nTregs retained their
inhibitory function in vivo, we used a xenograft model of
lethal GVHD." As illustrated in Figure 3A, the weight loss
of control mice receiving PBMC and CD25"* cells was sig-
nificantly greater as compared to mice that received
PBMC and expanded nTregs (7.2+1.9 g vs.1.9+1 g, respec-
tively) (P=0.0045). In addition, by Day 60, mice receiving
expanded nTregs had delayed occurrence or no signs of
GvHD (Figure 3B), and showed normal sized spleen as
compared to controls (Figure 3C). Finally, mice co-infused
with expanded nTregs revealed no histopathological

lesions compatible with GvHD in their skin, nose, or ear
(Figure 3D), and showed significantly improved overall
survival as compared to control mice (P<0.0003) (Figure
3E). As illustrated in the Online Supplementary Figure S3A,
Tregs co-infused with PBMC did not abrogate the engraft-
ment of PBMC, suggesting that in this model Tregs inhibit
the expansion of T cells that cause the occurrence of
GvHD. Finally, as previously demonstrated by others,”
nTregs expanded in the presence of rapamycin did not
produce IL-17 (Online Supplementary Figure S3B).

nTregs selected and expanded using the CliniMACS
and G-Rex devices, respectively, maintain potent
in vitro and in vivo suppressive function

To make our methodology GMP compliant, we adapted
the selection using the CliniMACS system. CD25%#" cells
(2.3x10° + 0.7x10°) were positively selected from PBMC
(4.6x10° £ 0.7x10°) of 3 buffy coats, using clinical grade
anti-CD25 microbeads and expanded as described in the




small scale experiments, resulting in 1.3x10°+3x10" cells by
Day 21 of culture (S3) (Online Supplementary Figure S4A)
(547-fold expansion). These cells consistently co-expressed
CD4, CD25 (97+2%) and FoxP3 (82+4%) (Online
Supplementary Figure S4B and C), while the contaminating
CD8" cells were less than 1.2+1%. The expanded Tregs
suppressed T-cell divisions in vitro (80+10% and 78+5%
suppression for expanded and freshly isolated Tregs,
respectively) (Online Supplementary Figure $4D), and main-
tained robust in vivo suppressive activity improving the
overall survival of mice (P=0.0046) (Online Supplementary
Figure S4E). Finally, because the infusion of freshly cultured
Tregs is frequently impractical for clinical applications and
a cryopreservation step is usually required for quality con-
trol tests, we evaluated whether expanded nTregs retained
their functionality following cryopreservation and storage
in liquid nitrogen. Expanded Tregs cryopreserved after Day
14 (FS2) or Day 21 (ES3) retained their suppressive activity
both in vitro (Online Supplementary Figure S5A) and in vivo
(Online Supplementary Figure S5B).

Our proposed strategy has significant advantages com-
pared to other protocols.”* First, we have minimized the
cell purification process to a single immune magnetic
selection step based on their CD25 expression, which is
sufficient to minimize the contamination by CD8*CD25*
cells in the final Treg products, provided that rapalogs are
added to the cultures during the expansion phase.
Importantly, we have observed that, in the presence of
rapalogs, ‘contaminating’ CD8"CD25" cells persisting at
the end of the 21 days of culture show inhibitory proper-
ties and methylation of FoxP3 promoter. This is in accor-
dance with previous observations showing that, in specific
culture conditions, CD8" cells may develop suppressive
activity."” Second, and most importantly, we have opti-
mized a robust and cost-effective expansion protocol of
Tregs. Stimulation of Tregs is obtained with anti-
CD3/CD28 mAbs, now available as clinical grade reagents

(Miltenyi Biotec Inc.), and feeder cells that meet GMP
requirements.'*" In addition, cells are easily accommodat-
ed, with minimal manipulation, in small gas permeable
static culture flasks (G-Rex) that promote efficient gas
exchange and availability of nutrients to the cells, while
diluting waste products.

Remarkably, expanded Tregs had no significant shorten-
ing of their telomere lengths, indicating their potential
capacity to undergo further divisions in vivo after adoptive
transfer, and retained inhibitory function after freezing
and thawing. These are important manufacturing aspects
to be considered in clinical protocols of adoptive T-cell
therapy as quality control tests of the produced cells are
usually required. Hence, the cost-effective and simplified
production of nTregs we propose will likely facilitate the
implementation of clinical trials based on the infusion of
these cells to control GvHD after allogeneic HSCT and
graft rejection in solid organ transplant recipients, and to
treat autoimmune diseases.
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8 Abstract

9 Purpose: The antitumor activity of chimeric antigen receptor (CAR)-redirected CTLs should be enhanced

10 if it were possible to increase their proliferation and function after adoptive transfer without concomitantly

11 increasing the proliferation and function of regulatory T cells (Treg). Here, we explored whether the lack of

12 IL-7Ro.in Tregs can be exploited by the targeted manipulation of the interleukin-7 (IL-7) cytokine-cytokine

13 receptor axis in CAR-engrafted Epstein-Barr Virus-specific CTLs (EBV-CTLs) to selectively augment their

14 growth and antitumor activity even in the presence of Tregs.

15 Experimental Design: We generated a bicistronic retroviral vector encoding a GD2-specific CAR and the

16 IL-7Ro subunit, expressed the genes in EBV-CTLs, and assessed their capacity to control tumor growth in the

17 presence of Tregs in vitro and in vivo when exposed to either interleukin-2 (IL-2) or IL-7 in a neuroblastoma

18 xenograft.

19 Results: We found that IL-7, in sharp contrast with IL-2, supports the proliferation and antitumor activity

20 of IL-7Ra..CAR-GD2" EBV-CTLs both in vitro and in vivo even in the presence of fully functional Tregs.

21 Conclusions: IL-7 selectively favors the survival, proliferation, and effector function of IL-7Rao-trans-

22 genic/CAR-redirected EBV-CTLs in the presence of Tregs both in vitro and in vivo. Thus, IL-7 can have a

23 significant impact in sustaining expansion and persistence of adoptively CAR-redirected CTLs. Clin Cancer

24 Res; 1-9. ©2013 AACR.

%

27

28 Introduction logic costimulation from professional antigen presenting
29 The expression of chimeric antigen receptors (CAR) in T cells process.ing latent viral antigens anq kill tumor cells
30 lymphocytes to redirect their antigen specificity has sig- through their CAR (6, 7). 'Althougb this approach can
31 nificantly expanded the clinical application of adoptive produce c.omplete anq sustan}ed antitumor responses, for
32 T-cell immunotherapies against a variety of human malig- exa.rn.ple in some patients with neuroblastgma, n m(?st
33 nancies (1, 2). CAR molecules are chimeric proteins, in recq?lents, CA[.{-engrafte'd EBV'CTLS, have }1m1ted in vivo
34 which a single chain antibody-binding site is fused with .surylval and fail to COHS‘ISIEI.Itly eradicate disease (8, 9 ). It
35 the signaling domain CD3{ that activates T lymphocytes 1 h.ke.ly that the comblnatlog of hOSt_/ tuplor assoc1.ated
36 upon binding to the tumor antigen (3). However, in this 1nl'11b1tc?ry’factors and 1psufﬁc1ent in vivo immunostimu-
37 form, CAR molecules do not provide adequate costimu- lation limit the expansion and persistence of these cells
38 lation to T cells (1, 4, 5). To overcome this limitation, (10). o L .
39 CARs can be expressed by CTLs whose native receptors are . Regulatqry T cells (Treg) play a mgmﬁcant role in impair-
40 specific for virus latency proteins such as those derived ing the anmumgr effects 9f tllmOI'—Sp.QCIﬁC CTLs (11). Tregs
41 from the Epstein-Barr Virus-specific CTLs (EBV-CTLs; are freqlllentlly 1ncreasgd n t.he peripheral blood and n
49 refs. 6, 7). These virus-specific CTLs can receive physio- tumor biopsies of patients with cancer (12-17) and their
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presence often correlates with poor clinical outcome (15).
Thus, the development of strategies aimed at eliminating
Tregs or at selectively favoring the expansion of antitumor
CTLs may significantly contribute in enhancing the engraft-
ment and antitumor effects of adoptively transferred CTLs.
To date, most efforts to increase in vivo immunostimulation
of adoptively transferred T cells have focused on adminis-
tration of interleukin (IL)-2 (18). Although this cytokineisa
potent T-cell growth factor, it is not selective for effector T-
cell subsets and can also enhance the growth and inhibitory
activity of Tregs (19).
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Translational Relevance

Adoptive transfer of virus-specific CTLs expressing a
chimeric antigen receptor (CAR) represents a promising
therapy for patients with cancer. However, the in vivo
expansion of these cells remains suboptimal so that new
strategies are required to selectively expand them with-
out favoring the concomitant proliferation and function
of regulatory T cells (Treg) that are often abundant in
patients with cancer. Our study provides preclinical data,
indicating that the manipulation of the interleukin (IL)-
7 cytokine-cytokine receptor axis in CAR-engrafted
Epstein-Barr Virus-specific CTLs (EBV-CTLs) can be
used to selectively expand the CTLs while avoiding the
inhibitory effects of Tregs, which would otherwise be
enhanced by use of the more broadly acting T-cell growth
factor IL-2.

One means by which T lymphocytes can be selectively
expanded is by using IL-7, a y-chain cytokine that promotes
homeostatic expansion of naive and memory T cells but has
no activity on Tregs, which lack the IL-7Ro. (the private chain
of the IL-7 receptor; refs. 20-23). Administration of recom-
binant IL-7 was well tolerated in early-phase clinical trials,
and expanded naive and central-memory T-cell subsets but
not Tregs (20, 21). Unfortunately, under physiologic con-
ditions, IL-7 cannot support the in vivo expansion of adop-
tively transferred CAR-redirected CTLs as this is an effector-
memory T-cell subset that, like Tregs, also lacks IL-7Rot (24).

Here, we developed models in vitro and in vivo to demon-
strate thathuman Tregs clearly inhibit the antitumor effects of
CAR-redirected EBV-CTLs. We also show that selective mod-
ulation of the IL-7 cytokine-cytokine receptor axis in CAR-
engrafted EBV-CTLs augments their antitumor effects in vivo
in the presence of Tregs. This strategy should safely enhance
the persistence and survival of adoptively transferred CAR-
redirected virus-specific CTLs in patients with cancer.

Materials and Methods

Plasmid construction, retrovirus production, and
tumor cell lines

The full-length human IL-7R-o linked through the 2A
(TAV) sequence to the CAR-GD2 encoding the CD28 endo-
domain (25) was cloned into the SFG retroviral vector to
generate the bicistronic vector SFG.IL-7Ro.. CAR-GD2. The
retroviral vectors encoding eGFP and Firefly Luciferase
(FFLuc) were previously described (26). Retroviral super-
natant was prepared using transient transfection of 293T
cells (26). The neuroblastoma cell line CHLA-255 (ref. 27;
kindly provided by Dr. Leonid Metelitsg) was derived from a
patient, and we verified that this line retains the surface
expression of the target antigen GD2.

Generation and transduction of EBV-CTLs
EBV-transformed lymphoblastoid cells (LCL) and EBV-
CTLs were prepared using peripheral blood mononuclear

cells (PBMC), obtained from healthy donors as previously
described (28). EBV-CTLs were transduced with retroviral
supernatant after three stimulations with autologous LCLs,
as previously described (8), and then maintained in culture
by weekly stimulation with LCLs and recombinant IL-2
(50 IU/mL) or IL-7 (2.5 ng/mL; PeproTech).

Expansion of Tregs

To obtain significant numbers of cells for the in vitro and
in vivo experiments, Tregs were isolated and expanded as
previously described (29). Briefly, CD25"" 8" T cells were
purified from PBMCs by positive selection using immuno-
magnetic selection in the presence of nonsaturating con-
centrations (2 uL/1 x 10" PBMCs) of anti-human CD25
magnetic beads (Miltenyi Biotech). On day 0, the purified
CD25™ T cells were activated in 24-well plates coated with
OKT3 (1 pg/mL) and anti-CD28 antibody (BD Pharmin-
gen; 1 ug/mL) in RPMI 1640 in the presence of rapamycin
(Sigma) at a final concentration of 100 nmol/L. On days 7
and 14, cells were restimulated with OKT3/CD28 antibo-
dies, irradiated feeder cells, rapamycin, and IL-2 (50 IU/mL)
in small bioreactors (G-REX; ref. 29). At the end of the 3-
week culture (day 21), cells were used for in vitro and in vivo
experiments. The cell fraction obtained from buffy coats
after the selection of CD25""8™ T cells was further enriched
for CD4* cells which were then used as negative control in
parallel culture experiments, in which we evaluated the
immunosuppressive activity of Tregs (29, 30).

Immunophenotyping

Cells were stained with fluorescein isothiocyanate
(FITC)-, phycoerythrin (PE)-, peridinin-chlorophyll-pro-
tein complex (PerCP)-, or allophycocyanin (APC)-conju-
gated monoclonal antibodies (mAb). We used CD3, CD4,
CD8, CD25, and CD127 (IL-7Ro specific) from Becton
Dickinson (BD Bioscience) and FoxP3 from eBioscience
Inc. CAR-GD2 expression by transduced EBV-CTLs was
detected using the specific anti-idiotype antibody 1A7,
followed by staining with the secondary antibody RAM-
IgG1-PE (Becton Dickinson; ref. 8). STATS phosphorylation
in Tregs and EBV-CTLs was assessed after cytokine stimu-
lation for 15 minutes using the anti-phospho-STAT5 (Y694)
mAb-Alexa Fluor 647 Conjugate (BD Phosflow Reagents).
Cells were analyzed using a BD FACSCalibur system
equipped with the filter set for quadruple fluorescence
signals and the CellQuest software (BD Biosciences). For
each sample, we analyzed a minimum of 10,000 events.

Carboxyfluorescein diacetate succinimidyl ester-based
assays

Proliferation of Tregs or EBV-CTLs or activated PBMC was
assessed by carboxyfluorescein diacetate succinimidyl ester
(CFSE) dilution. Briefly, EBV-CTLs were labeled with 1.5
pumol/L CFSE (Invitrogen) and activated with LCLs (ratio
4:1) with or without IL-2 (12.5 IU/mL) or IL-7 (10 ng/mL).
CFSE dilution was measured by flow cytometry after 7 days
of culture. A similar protocol was used to evaluate the
proliferation of CFSE-labeled Tregs post activation with
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OKT3, irradiated feeders, and IL-2 or IL-7. To evaluate the
suppressive activity of Tregs, CFSE-labeled EBV-CTLs were
stimulated with LCLs (ratio 4:1) in the presence of Tregs or
control CD4*CD25" cells (ratio, 1:1; ref. 30), and of IL-2
(12.51U/mL) orIL-7 (10 ng/mL). Similarly, PBMC depleted
of CD25"8" cells were stained with CFSE and activated in
the presence of irradiated allogeneic feeders (ratio 2:1) and
OKT3 (500 ng/mL; refs. 29, 30). After 7 days, cells were
stained with CD8-APC and CD4-PerCP, analyzed by fluo-
rescence-activated cell sorting (FACS) and cell division
assessed by CFSE dilution.

Evaluation of antitumor activity

EBV-CTLs were cultured in the presence of the neuro-
blastoma cell line (CHLA-255) genetically modified to
stably express GFP in the presence or in the absence of
Tregs (at the EBV-CTLs:CHLA-255:Treg ratio of 1:2:1) and
of IL-2 (12.5 IU/mL) or IL-7 (5 ng/mL). After 7 days, cells
were collected, stained with CD3 to identify T cells, and
analyzed by FACS. GFP was used to quantify residual tumor
cells in culture.

Xenogenic mouse model

To assess the antitumor effect of EBV-CTLs in vivo in the
presence of Tregs, we used the xenograft mouse model and
an in vivo imaging system as previously described (7, 24).
Mouse experiments were performed in accordance with
Baylor College of Medicine’s Animal Husbandry guidelines.
Briefly, 8] 10-week-old NSGymicg\were engrafted intra-
peritoneally with the CHLA-255 cells (1 x 10° cells per
mouse) genetically modified with FFluc to monitor tumor
growth using the IVIS bioluminescence system (Xenogen
IVIS 200 Biophotonic Imaging System). The intraperitoneal
model was selected to minimize confounding issues due to
suboptimal cell biodistribution and simultaneous coloca-
lization at the tumor site of CAR-modified EBV-CTLs and
Tregs. When the signal (measured as p/sec/cm?/sr) was
consistently increasing, usually by day 7 to 10, mice received
intraperitoneal EBV-CTLs (10 x 10° T cells per mouse) with
orwithout Tregs (10 x 10° T cells per mouse; two infusions
1-weekapart). IL-2 (500 [U/mouse) or IL-7 (200 ng/mouse)
were administered intraperitoneally three times a week.

Statistical analysis

All in vitro data were summarized by means and SEM. For
the bioluminescent experiments, intensity signals were log-
transformed and summarized using mean + SD at baseline
and multiple subsequent time points for each group of
mice. Changes in intensity of signal from baseline at each
time point were calculated and compared using paired t tests
or Wilcoxon signed-ranks test. When the P value was less
than 0.05, a mean difference was accepted as statistically
significant. For the bioluminescence experiments, intensity
signals were log-transformed and summarized using mean
and SDs at baseline and multiple subsequent time points for
each group of mice. The response profiles over time were
analyzed by the generalized estimating equations method
for repeated measurements.

Results

Functional IL-7Ra and CAR-GD2 can be coexpressed in
EBV-CTLs

To restore the responsiveness to I1L-7 and to redirect the
antigen specificity of EBV-CTLs against neuroblastoma, we
generated a bicistronic y-retroviral vector encoding the IL-
7Ro. and a GD2-specific CAR linked through a 2A (TAV)
sequence (SFG.IL-7Ra..2A.CAR-GD2; Fig. 1A). EBV-CTLs
established from 5 healthy EBV-seropositive donors were
transduced with the vector, and the expression of both IL-
7Ro. and CAR-GD2 was measured by FACS analysis. As
shown in Figure 1B, both CAR-GD2 and IL-7Ra were stably
expressed (64% =+ 3% and 34% =+ 9%, respectively) in
transduced EBV-CTLs, whereas the expression of the native
IL-7Ro on control cells remained negligible (4% + 1%).

To evaluate the functionality of the transgenic IL-7Rot, we
measured the phosphorylation of STAT5 in response to
either IL-2 or IL-7. In the absence of cytokines, control,
and IL-7Ro.. CAR-GD2 " EBV-CTLs showed negligible phos-
phorylation of STAT5 (3% =+ 2% and 8% =+ 4%, respective-
ly). In IL-7Rao..CAR-GD2" EBV-CTLs, near equal STAT5S
phosphorylation of Tyr-694 was detected in response to
IL-2 (49% =+ 7%) or IL-7 (38% = 6%, respectively; P = NS).
In contrast, in control cells, STAT5 was phosphorylated in
response to IL-2 (63% =+ 8%) but not to IL-7 (6% + 5%; P<
0.05; Fig. 1C). The levels of IL-7Ro~dependent STAT5
phosphorylation in IL-7Ro.. CAR-GD2* EBV-CTLs exposed
to IL-7 were very similar to the amount observed in
T lymphocytes physiologically expressing the IL-7Ro
and exposed to IL-7 (Supplementary Fig. S1A). The func-
tionality of the transgenic IL-7Ra was further supported by
progressive selection of transgenic cells if cultures were
supplemented with IL-7. As illustrated in Figure 1D (and
Supplementary Fig. S1B), when IL-7Ro..CAR-GD2™ CTLs
were stimulated weekly with autologous LCLs and IL-7, the
expression of both IL-7Ro. and CAR-GD2 progressively
increased between the third and sixth antigen-specific stim-
ulation (from 34% =+ 9% to 66% =+ 5% for IL-7Ra, and from
64% =+ 3% to 80% =+ 7% for CAR-GD?2). In contrast, when
CTLs were expanded in the presence of IL-2, no enrichment
of either transgenes was observed, as this cytokine equally
supports the ex vivo growth of transduced and non trans-
duced CTLs (data not shown).

The enrichment of transgenic T cells following exposure
to IL-7 was a consequence of the proliferation of IL-7Rc.
CAR-GD2" EBV-CTLs. As illustrated in Figure 2A, CFSE
labeled-control and IL-7Ro..CAR-GD2™ EBV-CTLs divided
equally well when stimulated with LCLs (ratio 4:1) in the
presence of IL-2 (proliferation, 68% =+ 6% and 68% =+ 4%,
respectively). In contrast, in the presence of IL-7, IL-7Ra.
CAR-GD2™" but not control EBV-CTLs had significantly
greater proliferation, 63% =+ 3% versus 14% =+ 1%, respec-
tively (P < 0.001). The number of EBV-CTLs proliferating in
response to EBV-LCLs and IL-7 was generally higher than
expected based on the ectopic expression of IL-7Ra. This
higher level is likely a consequence of the physiologic
production of IL-2 by EBV-CTLs in response to their cognate
EBV antigens (EBV-LCLs; Supplementary Fig. S2). Finally,
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specific CAR linked through a 2A
(TAV) sequence. B, expression of
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+ SD of 5 donors. C, IL-7Ra.
expression in four IL-7Ro..CAR-
GD2" EBV-CTLs generated (top)
and STAT5 phosphorylation
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response to IL-2 (dotted line),

or IL-7 (black bold line). D,
progressive enrichment in cells
expressing the two transgenes
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7Ro.CAR-GD2" EBV-CTLs were
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represents mean + SEM of four
different EBV-CTL lines.

NT IL-7Ro..
CAR-GD2

—— CAR-GD2
—e—IL-7Ra

S3 S4 S5 S6
Number of stimulation

exposure of IL-7Ra..CAR-GD2" EBV-CTLs to IL-7 did not
affect their antitumor properties. As shown in Figure 2B,
when EBV-CTLs were cultured with CHLA-255 cells, only IL-
7Ra..CAR-GD2™ cells controlled tumor growth in the pres-
ence of either IL-2 or IL-7 (6% + 1% and 4% =+ 1%,
respectively), whereas tumor cells outgrew in cultures con-
taining control EBV-CTLs irrespective of the cytokine added
(43% =+ 5% and 57% =+ 12%, respectively; P < 0.001).

Ex vivo expanded Tregs do not respond to IL-7

We used ex vivo expanded CD4"CD25" Tregs isolated
from healthy donors rather than freshly isolated Tregs for
the following reasons. First, the experiments required a
significant number of Tregs that could not be obtained
upon fresh isolation even from buffy coat preparations.

Second, circulating Tregs obtained after immunomagnetic
selection on the basis of CD4 and CD25 selectiom are
frequently contaminated by CD4"CD25"IL7Ro.* cells that
lack regulatory activity, but respond to IL-7 (data not
shown; ref. 31). We first confirmed that the nominal Treg
population retained their inhibitory properties. As shown
in Figure 3A, the proliferation of activated PBMCs (80% +
3% in the presence of control CD47CD25" cells) was
significantly inhibited in the presence of the expanded Treg
population (27% + 6%; P<0.001). We then confirmed that
these Tregs, like freshly isolated Tregs (22), lacked expres-
sion of IL-7Ro. (3% =+ 0.4% positive; Fig. 3B). As a conse-
quence, STAT5 was only phosphorylated in these Tregs in
response to IL-2 (MFI = 75 + 9; P < 0.001) and not in
response to IL-7 (MFI = 23 £ 3; Fig. 3C). Finally, a CFSE-
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the presence of IL-2 or IL-7.
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based dilution assay showed that Tregs only proliferated
after polyclonal activation in the presence of IL-2 and not on
exposure to IL-7 (MFI 1439 £ 207 vs. 445 + 68, respectively;
P < 0.001; Fig. 3D).

IL-7 supports the proliferation and effector function of
IL-7Ra.CAR-GD2" EBV-CTLs in the presence of Tregs
Having demonstrated that IL-7 supports the proliferation
and function of IL-7Ro.CAR-GD2" EBV-CTLs, we then
investigated whether the beneficial effects of IL-7 were
maintained in the presence of functional Tregs. As illustrat-
ed in Figure 4A, when IL-7Ro..CAR-GD2" EBV-CTLs were
cultured with CHLA-255 cells (effector:target ratio of 1:2)
they significantly controlled the growth of these tumor cells
by day 7 of culture in the presence of either IL-2 or IL-7
(residual cells were 6% 4= 1% and 4% == 1%, respectively). In
contrast, when expanded Tregs were added to the coculture
(ratio CTLs:Tregs 1:1), the antitumor activity of IL-7Ra.
CAR-GD2" EBV-CTLs was significantly inhibited in the
presence of IL-2 but not of IL-7 (residual cells in culture,
14% =4 3% vs. 7% =+ 2%, respectively; P<0.05). In addition,

IL-7 also supported the proliferation of IL7Ro.. CAR-GD2™
EBV-CTLs in the presence of Tregs upon physiologic costi-
mulation with autologous LCLs. As the CFSE dilution
assay shows in Figure 4B, the proliferation of IL-7Ra.
CAR-GD2" EBV-CTLs in response to IL-2 (68% + 4%) was
significantly compromised in the presence of Tregs (to 34%
£ 6%; P < 0.01). In contrast, when IL-7 was added to the
culture, IL-7R0o..CAR-GD2" EBV-CTLs divided well even in
the presence of Tregs (proliferation was 63% =+ 3% without
Tregs and 56% = 2% in the presence of Tregs). The CFSE
dilution of IL-7Ro..CAR-GD2™ EBV-CTLs cocultured with
Tregs was significantly increased in the presence of IL-7 as
compared with IL-2 (P = 0.005).

IL-7 supports the in vivo antitumor activity of IL-7Ro.
CAR-GD2 EBV-CTLs even in the presence of Tregs

To assess the in vivo capacity of IL-7 to support the
antitumor activity of IL-7Ro.. CAR-GD2* EBV-CTLs, we used
NSG mice engrafted intraperitoneally with the FFLuc™ cell
line CHLA-255. As shown in Figure 5, control mice that
received only tumor cells or control CTLs showed a rapid
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Figure 3. Ex vivo expanded Tregs do not respond to IL-7. A, CFSE-based assay to illustrate the inhibitory activity of ex vivo expanded Tregs. PBMCs labeled
with CFSE were activated in the absence (left) or in the presence of Tregs (right) at a ratio of 1:1. CFSE dilution was measured on day 7 of culture by flow
cytometry. The graph represents mean + SEM of six independent experiments. B, expression of IL-7Ro. in ex vivo expanded Tregs in a representative
experiment. The plot on the left shows the isotype control, whereas the plot on the right shows the IL-7Ra. profile. *, P <0.001. C, phosphorylation of STAT5 in
Tregs not stimulated (dotted lines) or stimulated with IL-2 (left) or IL-7 (right). D, proliferative response of Tregs exposed to IL-2 or IL-7. Tregs were
labeled with CFSE and stimulated in the presence of IL-2 (left) or IL-7 (right). CFSE dilution was evaluated on day 7 by flow cytometry. The solid and dotted lines
represent the CFSE dilution of Tregs stimulated with or without cytokines, respectively.

increase of the bioluminescence signal (2.3 x 10% +3 x 107
photons) and were sacrificed by day 18. Mice infused with
IL-7Ro..CAR-GD2* EBV-CTLs and IL-2 had superior tumor
control (1.6 x 10® & 2 x 107 photons at day 34), but this
effect was abrogated when Tregs were coinfused (2.4 x 10°
+ 4 x 107 photons at day 34; P < 0.05). In contrast, mice
infused with IL-7Ro.. CAR-GD2* EBV-CTLs and IL-7 con-
trolled tumor growth equally well in the absence (1.2 x 10°
+ 3 x 107 photons) or in presence of Tregs (1.3 x 10% £ 6 x
10° photons) at day 34.

Discussion

The adoptive transfer of CAR-redirected EBV-CTLs safely
induces tumor regression in patients with neuroblastoma
and the approach is potentially applicable to other human
malignancies (8, 9). To further improve the clinical benefits
of this approach, we developed a strategy that selectively
promotes the in vivo expansion of CAR-redirected CTLs
without favoring the proliferation and function of Tregs
that may limit long-term persistence and activity of the
infused effector cells and thereby compromise antitumor
efficacy. Here, we demonstrate that CAR-redirected EBV-
CTLs engineered to regain responsiveness to IL-7 by restor-
ing their expression of IL-7Ra proliferate in response to a
combination of nativeLGR receptopand IL-7 stimulation
without favoring the expansion and function of Tregs. As a
consequence, we observed an increase in their CAR-medi-

ated antineuroblastoma activity, even in the presence of
Tregs.

Successful clinical outcome following adoptive transfer
of tumor-specific T cells strongly correlates with the in vivo
survival and proliferation of these cells (18, 32, 33). In
addition to the intrinsic properties of T lymphocytes, such
as central-memory versus effector-memory versus naive
phenotype that directly dictate the self-maintenance capac-
ity of tumor-specific T cells (34), several tumor-associated
mechanisms are also pivotal in determining the conse-
quences of administering tumor-specific T cells (10, 35).
Tregs in particular are abundant in the tumor microenvi-
ronment and are a major factor in impairing T-cell function.
Hence, strategies that selectively increase persistence and
expansion of adoptively transferred T cells or that eliminate
the influence of this cell subset should be as relevant for T-
cell therapies as they have proved to be for cancer-vaccine
trials (36).

The administration of recombinant cytokines or the use
of cytokine-engineered T cells (30, 37, 38) that selectively
support T-cell growth without providing functional or
proliferative advantages to Tregs represent appealing
approaches to overcome the inhibitory function of Tregs
within the tumor microenvironment. However, IL-2 that is
frequently used to sustain the in vivo proliferation and
persistence of adoptively transferred CTLs is nonselective,
stimulating both tumor-specific effector T cells and Tregs, as
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A IL-7Ro.CAR-GD2 EBV-CTLs

B IL-7R0.CAR-GD2 EBV-CTLs

Figure 4. IL-7, unlike IL-2, supports
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both these cell subsets express the IL-2 high affinity receptor
(CD25; refs. 19, 39). Thus, as illustrated in the current and
prior studies, the net effect of IL-2 administration is to block
the proliferation and antitumor effects of CAR-redirected
CTLs both in vitro and in vivo.

Although IL-7 shares several functions with IL-2, it also
has effects on specific T-cell subsets that depend on their
expression of the private IL-7Ro subunit (23). Our experi-
ments demonstrate both in vitro and in vivo that IL-7 can
nonetheless support the survival, expansion, and effector

function of CAR-redirected EBV-CTLs if these cells are
engineered to reexpress the IL-7Ro and that it can thereby
overcome the inhibitory effects of Tregs. Our approach
has significant advantages over the use of IL-2 or cytotoxic
drugs to eliminate Tregs in a nonselective manner (40) as
it may promote the long-term persistence of CAR-redir-
ected EBV-CTLs both in steady-state conditions and in a
lymphopenic environment (23). In addition, the admin-
istration of recombinant IL-7 unlike recombinant IL-2
seems to be well tolerated even at high doses (20, 21, 41).

Figure 5. IL-7,butnot IL-2, supports

in vivo antitumor activity of IL-7Ro. A
CAR-GD2" EBV-CTLs in the
presence of Tregs. NSG mice

IL-7Ro..CAR-GD2 EBV-CTLs

B ——NT
—a&— IL-7R0.CAR-GD2 EBV-CTLs + Tregs + IL-2
—/— IL-7Ra.CAR-GD2 EBV-CTLs + IL-2

NT IL-2

IL-2/Tregs

engrafted intraperitoneally with
CHLA-255 cells tagged with FFLuc
were infused with IL-7Ro..CAR-
GD2" EBV-CTLs and received IL-2
=+ Tregs or IL-7 + Tregs. Tumor
growth was monitored using an in
vivo imaging system (Xenogen IVIS
imaging system). A group of mice
received control EBV-CTLs or
tumor cells only (Control). A,
images of different groups of mice.
B, mean + SD of photons for 8
mice/group in two independent
experiments. *. P < 0.05.

IL-7

- @ - IL-7R0..CAR-GD2 EBV-CTLs + Tregs + IL-7
- {3 IL-7R0.CAR-GD2 EBV-CTLs + IL-7

(2]

5 3.5
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Finally, as the infusion of virus-specific CTLs after allo-
geneic stem-cell transplant does not induce the occur-
rence of graft versus host disease (28), our proposed
approach of infusing CAR-redirected CTLs with restored
responsiveness to the homeostatic cytokine IL-7 may
significantly increase the application of CAR technology
in the allogeneic setting (42).

One potential concern associated with any genetic
manipulation of T cells is that the cells will undergo malig-
nant transformation, or grow in an antigen independent
manner. This concern is particularly prominent when the
genetic manipulation modifies a growth factor receptor or
other portions of a signaling pathway. However, the expe-
rience of our own and other groups has been that the genetic
manipulation of differentiated T cells to express cytokines or
cytokine receptors does not affect the antigen specificity of
these cells and does not elicit uncontrolled proliferation
(24, 37, 43). These results were confirmed in the current
study even if we cannot completely exclude the possibility of
secondary paracrine effects due to the ectopic expression of
IL-7Ro. If such a concern remains, however, incorporation
of suicide or safety switches within the cells may provide a
further level of reassurance (37, 44).

Our study suggests that restoring the responsiveness to
IL-7 of virus-specific CTLs redirected with a CAR is a
strategy that may allow enhanced T-effector cells without
concomitant inhibition by Treg and may thereby further
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The immunogenicity of virus-derived 2A sequences in

immunocompetent individuals

C Arber', H Abhyankar', HE Heslop'*3, MK Brenner'*3, H Liu'* G Dotti"** and B Savoldo'?

Genetic engineering of T cells for adoptive immunotherapy in cancer patients has shown significant promise. To ensure optimal
antitumor activity and safety, the simultaneous expression of multiple genes is frequently required, and short viral-derived 2A
sequences are increasingly preferred for this purpose. Concerns exist, however, that these virus-derived sequences may induce
unwanted immune responses, and thus diminish persistence of the gene-modified cells after adoptive transfer. Whereas such
responses were absent in immunocompromised recipients, potential immunogenicity in immunocompetent individuals remains a
concern. We now address whether ex vivo T cell responses can be elicited against the most widely used 2A sequences (2A-Thosea
asigna virus (TAV) or 2A-equine rhinitis virus (ERAV), specifically) in immunocompetent individuals. We used a potent ex vivo culture
system previously validated to induce T cell responses even against weakly immunogenic antigens. Of the sixteen donors tested,
only five released very low levels of interferon-vy in response to 2A-TAV peptide mixtures (single peptide specificity in three donors,
adjacent self-antigen peptide specificity in one donor and nonspecific reactivity in one donor). None of them produced cytotoxic
activity or responded to 2A-ERAV. These results suggest that exposure to viral-derived 2A sequences is unlikely to produce
unwanted T cell responses in immunocompetent individuals and further supports their continued use for studies of human gene

therapy.

Gene Therapy advance online publication, 23 May 2013; doi:10.1038/gt.2013.25

Keywords: 2A sequences; polycistronic vectors; T cell gene transfer; immunogenicity

INTRODUCTION

Adoptive T cell-based immunotherapies and vaccines are
promising approaches for cancer patients, and genetic engineering
can significantly improve their potency.'”? Efficient expression
of multiple genes in one single polycistronic vector can
simultaneously coordinate the expression of multiple compo-
nents of the immune system against cancer cells and
counterbalance tumor immune evasion mechanisms,® and is
often critical for the success of these therapies. For example,
production of T lymphocytes that will safely and efficiently kill
tumor cells after adoptive transfer may require simultaneous
genetic modifications to increase their tumor specificity by forced
expression of engineered T cell receptors;** enhance their
trafficking by expression of chemokine receptors;** prolong their
persistence by forced expression of cytokines or co-stimulatory
molecules®'" and augment safety by the incorporation of a suicide
switch to remove gene-modified cells on demand.'*"?

Of the available strategies to generate polycistronic vectors,
virus-derived 2A sequences are one of the most effective.'* These
sequences are cis-acting hydrolase elements that mediate a
ribosomal skip between 2A-inked genes,'> resulting in
stoichiometric protein production'® that can improve transgene
expression and function, for example, of T cells engineered with
transgenic afT cell receptors.'”” Moreover, 2A sequences are quite
short (54-60 nucleotides), and therefore have little impact on
vector-packaging limits. However, as the 2A sequences are of viral

origin, their expression in fusion proteins could lead to the
expression of immunogenic epitopes and thereby diminish the
in vivo persistence of corresponding gene-modified cells.

Recently, 2A sequences have been successfully incorporated in
vectors used in human studies without eliciting discernible
immune responses, although the recipients in these trials were
significantly immunocompromised.’®'” Thus, to discover whether
virus-derived 2A sequences may cause troublesome immuno-
genicity in immunocompetent individuals, we assessed if T cell
responses could be elicited to protein regions derived from two
vectors containing either the 2A-TAV (Those asigna virus-
derived)’ or the 2A-ERAV (equine rhinitis virus-derived)’
sequences. We used a potent ex vivo culture system that has
been previously optimized to expand T cells with specificity for
weak antigens, even from antigenically naive individuals,'® such as
umbilical cord blood T cells.' Our results support the continued
exploration of 2A sequences even in immunocompetent human
subjects.

RESULTS AND DISCUSSION
18-20

Using our optimized culture system, we successfully
generated T cell lines from normal adult donors that had robust
interferon-y ~ (IFN-y)  production in response to the
cytomegalovirus-derived  pp65 peptide mixture (pepmix)
(12746 +£91.9 IFN-y spot-forming cells (SFCs) per 10° cells) in
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N

7/7 donors (Figure 1a) and to the weak tumor-associated antigen,
preferentially expressed antigen of melanoma (PRAME) pepmix'®
(409.1 +29.7 IFN-y SFCs per 10° cells) in 8/9 donors (Figure 1b). By
contrast, when we used the same culture conditions with peptide
mixtures derived from the two 2A sequences, we found minimal
reactivity against the 2A-TAV pepmix in only 5 of the 16 donors
tested (59.6+6.7 IFN-y SFCs per 10° cells) (Figure 1c), and no
discernible responses against the 2A-ERAV-pepmix in any of the
11 donors tested (Figure 1d). Phenotypically, all lines were a
mixture of CD4" and CD8™" cells, and contained some natural
killer cells, with a trend (P = 0.07) for a lower proportion of CD8*
cells in the 2A-TAV and 2A-ERAV lines (for 2A-TAV: CD8™"
=486 +23.1%; for 2A-ERAV: CD8" =48.5+20.32%), as com-
pared with pp65-specific T cell lines (CD8 * =70.4 + 12.8%) or with
PRAME-specific T cell lines (CD8+ =58.8 + 19.7%, Figure 2).

To identify the weakly immunogenic peptides derived from the
2A-TAV sequence, we tested each of the 11 single 15-mer
peptides against the five weakly reactive T cell lines. Three of
these five lines (derived from donor nos. 13, 14 and 15, Figure 3a)
released IFN-y upon exposure to the RAEGRGSLLTCGDVE peptide
(51.9+6.9 IFN-y SFCs per 10° cells, peptide no. 5 of the pool,
Figure 4a). The line from donor no. 9 (Figure 3a) reacted against
the CFNFLRKKLFFKTSA peptide (57.3+10.3 IFN-y SFCs per 10°
cells, peptide no. 1 of the pool, Figure 4a) and simultaneously
against the PRLLFFLLFLTPMEV peptide (21.0 £ 15.1 IFN-y SFCs per
10° cells, peptide no. 11 of the pool, Figure 4a). These are
junctional peptides between the 2A sequence, and the carboxy-
and amino-terminal sequences of the expressed genes of interest
(human inducible caspase9 and the signal peptide sequence of
human CD19, respectively). The line derived from donor no. 8 was
responsive against the 2A-TAV pepmix, but had no discernible
reactivity to any of the individual peptides contained in the
mixture and was thus classified as nonspecific.

To discover the associated biological consequences of the low-
level IFN-y responses seen in the four antigen-specific T cell lines,
we measured their cytotoxic properties using the CD107a/b
degranulation assay. All these lines responded appropriately to

ionomycin (66+13% CD107a/b™ CD3™" cells), and therefore
had functional potential, but no specific degranulation was
detected upon stimulation with the 2A-TAV pepmix (2.5 0.5%
CD107a/b™ CD3™" cells) or the specific single peptide no. 5
(1.7+05% CD107a/b™ CD3 ™" cells for lines from donor nos.
13-15), as compared with the negative control (2A-ERAV-pepmix,
22+1% CD107a/b™ CD3* cells) (Figures 3b and ¢, P=NS),
consistent with the minimal reactivity shown in the IFN-y ELISpot
assay (Figures 1c and 3a). As expected, pp65-specific- and
PRAME-reactive lines specifically degranulated on exposure to
the corresponding pp65 or PRAME pepmixes (13.3+12.2%

100 - ® pp65 CTLs
O PRAME CTLs
80 4 O 2A-TAV CTLs
" B 2A-ERAV CTLs
)
[&] 60 p
(0]
=
.‘5
S 40 -
®
20 1
0 -
CD4+ CD8+ CD3-CD56+
Figure 2. T cell lines contain a mixture of CD4" and CD8™ T cells.

The phenotypes of the T cell lines were analyzed by flow cytometry
after three antigen-specific stimulations. All lines contained a
mixture of CD4" and CD8% T cells, with some admixed
CD3°CD56% NK cells. Shown are mean+s.d. of percentage of
positive cells for CMV-pp65 lines (n =7, black bars), for PRAME lines
(n=17, white bars), for 2A-TAV lines (n =14, light gray bars) and for
2A-ERAV lines (n =9, dark gray bars). We found a trend for a lower
proportion of CD8 ™ T cells in 2A-TAV and 2A-ERAV lines (P =0.07) as

polyclonal stimulation with phorbol myristate acetate and compared with CMV-pp65 or PRAME lines.
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Figure 1. T cell lines produce IFN-y upon antigenic stimulation. After three antigen-specific stimulations with pepmix-pulsed dendritic cells,

T cell lines were analyzed for IFN-y production by ELISpot in response to media (gray bars), relevant pepmix (black bars) or irrelevant pepmix
(white bars). IFN-y SFCs per 1 x 10° CTLs from (a) cytomegalovirus (CMV) pp65 lines, (b) PRAME lines, (c) 2A-TAV lines and (d) 2A-ERAV lines are
shown (mean = s.d. of triplicates). The 2A-TAV lines from donors nos. 8, 9, 13, 14 and 15 were reactive against the 2A-TAV pepmix with SFCs
>2 x above media or irrelevant pepmix (¥), and therefore selected for further analyses.
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Figure 3. Lack of cytotoxic activity of 2A2A-TAV-specific T cells despite low levels of IFN-y production. (a) The 2A-TAV pepmix-reactive T cell

lines from donors nos. 8, 9, 13, 14 and 15 were analyzed by IFN-y ELISpot against the single 15-mer peptides contained in the 2A-TAV pool
(peptides p no. 1-p no. 11, colored bars) or no peptide (gray bar, mean * s.d. of triplicates). Weak reactivity was found in 2A-TAV lines against
the shown single peptides. Donor no. 8 only showed nonspecific reactivity. (b) Representative FACS plots of the CD107a/b degranulation
assay (gated on CD3 " cells) from a pp65-specific CTL line, a PRAME-specific CTL line and a 2A-TAV-specific CTL line stimulated with irrelevant
(2A-ERAV) or relevant (pp65, PRAME or 2A-TAV) pepmixes, 2A-TAV peptide no. 5 (p no. 5) or phorbol myristate acetate (PMA)/ionomycin
(positive control). (c) Summary of CD107a/b degranulation assay for 2A-TAV CTLs (n=4) and pp65/PRAME CTLs (n=9) (mean £ s.d. of %
CD107a/b " CD3 " cells). (d) Summary of transduction efficiency of SFG.iCasp9.2A-TAV.ACD19-TD T cells from donors no. 9, and 13-15
(mean £ s.d. of % CD197CD3 ™ cells). (e) Summary of *'Cr-release assay of 2A-TAV-specific CTLs from donors no. 9, and 13-15 tested against
non-transduced (NT) or 2A-TAV TD autologous T cells (mean % s.d. of % specific lysis) at an E:T ratio of 20:1.

CD107a/b™* CD3 ™ cells, n=9), but not to control peptides (2A-
ERAV-pepmix, 2.7 + 1.4% CD107a/b™* CD3 " cells) (Figures 3b and
¢, P=0.03).

We next assessed whether T cells transduced with the 2A-TAV-
containing retroviral vector, SFG.iCasp9.2A-TAV.ACD19, could
present and process any of these epitopes. Autologous T cells
from the reactive donor nos. 9, 13, 14 and 15 were transduced
(CD37CD19" =53.7+11.5%) (Figure 3d) and then used as
targets in a standard 6-h >'Chromium (Cr)-release assay.
No significant lysis of 2A-TAV transduced (TD) or non-transduced
autologous target T cells was observed in any of the donors
tested (3.5+2.9% specific lysis against NT, 3.75+3.9% specific
lysis against TD T cells, effector to target ratio (ET) 20:1)
(Figure 3e).

Thus, our potent ex vivo culture system shows that the viral-
derived 2A-TAV and 2A-ERAV ribosomal skip sequences, and
adjacent fusion protein regions exhibit very low (n=15) to absent
(n=11) immunogenicity in 16 healthy donors. That this paucity of
response is genuine rather than a reflection of deficiencies in our
detection system is demonstrated by the anticipated high level of

© 2013 Macmillan Publishers Limited

reactivity against cytomegalovirus-derived antigens (7/7) or weak
tumor antigens (8/9), and by our ability to generate an expected
low frequency (1/16) of lines weakly reactive with peptides
derived from the self-antigens linked by the 2A sequences (human
caspase9 and CD19) that were also included in the peptide
mixtures. Of note, the three donors with low-level reactivity to the
peptide no. 5 of the 2A-TAV sequence (donors no. 13-15) shared
the same class-I-restricted human leukocyte antigen (HLA) alleles
(HLA-A*02 and HLA-B*44) and certain class-Il haplotypes, includ-
ing HLA-DRB1*04, HLA-DQB1*03 (Table 1). These findings suggest
that the reactive peptide no. 5 of the SFG.iCasp9.2A-TAV.ACD19
retroviral vector could contain an HLA class-I or class-Il epitope
presented in the context of either of these HLA molecules. Given
the overall low level of reactivity of these lines, we could not
further dissect these reactivities, and precisely identify the epitope
and its HLA context. The epitope prediction algorithms from
SYFPEITHY (http://www.syfpeithi.de/) and the Biolnformatics and
Molecular Analysis Section, NIH, (http://www-bimas.cit.nih.gov/
molbio/hla_bind/) failed to indicate a significantly high-
scoring epitope within the 2A-TAV sequence in the context of
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Figure 4. 2A sequences are contained in polycistronic retroviral

vectors. (a) The 2A-TAV sequence and the single overlapping 15-mer
peptides (no. 1-11) were derived from the SFG.iCasp9.2A-TAV.
ACD19 retroviral vector.'® (b) The 2A-ERAV sequence and the single
overlapping 15-mer peptides (no. 1-11) were derived from the
SFG.iCasp9.2A-TAV.CAR19-28(.2A-ERAV.optIL15 retroviral vector.”

Table 1. Donor HLA typing

HLA/ HLA-A2 HLA-A HLA-B HLA- HLA-
donor FACS DRB1 DQB1

1 Pos na na na na

2 Pos na na na na

3 Neg na na na na

4 Pos *02, — *07,%15 *13, — *03, *06
5 Pos *02, *03 *51, — *04, *07 *02, *03
6 Neg na na na na

7 Neg na na na na

8 Pos *02, *03 *07, *35 *07, *09 *02, —
9 Pos *02, *23 *07, *18 *11, *13 *03, *06
10 Pos *02 *68 *07, *51 *04, *15 *03, *06
11 Pos *02, — *42, *53 *01, *08 *04, *05
12 Pos *02, *33 *42, *58 *11, *13 *03, *06
13 Pos *02, *03 *14, *44 *04, — *03, —
14 Pos *02, *23 *44, *51 *04, *14  *03, *05
15 Pos *02, ¥29 *44, — *03, *11 *02, *03
16 Pos *02, — *35, — *04, *08 *03, *04
Abbreviations: HLA, human leukocyte antigen; na, not available;
Neg, negative; Pos, positive. In bold, 2A-TAV-reactive donors.

HLA-A*0201, HLA-A*0205, HLA-B*4402, HLA-B*4403 or HLA-
DRB1*0401 (data not shown, HLA-DQB1 epitopes are not available
for prediction). Instead, the only epitope scoring significantly
high in both prediction algorithms in the context of the
HLA-A*0201 molecule was contained within the sequence of
peptide no. 11 of the SFG.iCasp9.2A-TAV.ACD19 retroviral vector,
which was recognized by the line derived from the HLA-A*02 ™
donor no. 9, and corresponded to the signal peptide of the human
CD19 self-antigen (Figures 3a and 4a). Nonetheless, 7 of the 11
HLA-A*02" donors failed to generate responses against such
epitopes.

Adoptive T cell therapy in cancer patients aims to generate
a long-term persistence of the transferred gene-modified
T cells. This can be undermined if vectors contain potentially
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immunogenic sequences, and TD cells are infused in immuno-
competent individuals or if multiple T cell administrations are
performed. In these situations, in vivo sensitization against vector
components can be induced and result in the immune-mediated
elimination of the TD cells. No ex vivo system can fully reproduce
the in vivo situation of a ‘booster vaccination’ effect, but we have
attempted to answer immunogenicity concerns in our in vitro
culture system by using three antigen-specific stimulations with
professional antigen-presenting cells (dendritic cells) to amplify T
cell responses from immunocompetent individuals. No significant
cytotoxic activity was observed in the 16 donors tested, although
this limited sample size means we cannot exclude a true positive
rate of up to 0.17.

Only clinical trials that include these 2A sequences in
immunocompetent individuals can definitely address the issue
of their immunogenicity. However, the minimal reactivity we
observed to the 2A-TAV sequence (in terms of IFN-y production)
associated with the lack of cytotoxic activity, as measured by the
CD107a/b degranulation, seems unlikely to result in significant
biological consequences, particularly as we found no evidence
that these peptides could even be naturally processed and
presented by T cells. In conclusion, our data suggest that the
incorporation of 2A sequences in polycistronic vectors should not
precipitate unwanted immune responses against the TD cells. Of
the two 2A sequences studied, 2A-ERAV may be even less
immunogenic than 2A-TAV. Careful monitoring for potential
immunogenicity in future clinical trials with diverse patients and
vectors will, however, still be required before we can be certain
that there is no effective 2A-directed immune response against
the TD T cells.

MATERIALS AND METHODS

Peptides and pepmixes

Fifteen-mer peptides overlapping by 11 amino acids spanning the 2A-TAV
peptide sequence region of the SFG.iCasp9.2A-TAV.ACD19 retroviral
vector’' (Figure 4a) and the 2A-ERAV peptide sequence of the
SFG.iCasp9.2A-TAV.CAR-CD19-28(.2A-ERAV.IL  (interleukin)-15  retroviral
vector’ (Figure 4b) were synthesized by JPT Peptide Technologies (Berlin,
Germany). Lyophilized peptides were reconstituted in dimethyl sulfoxide
and then pooled into peptide mixtures (pepmixes) containing all the 11
peptides (2A-TAV mix or 2A-ERAV mix; 10mgml ") or stored as single
peptides (10mgml~"). The pepmixes or single peptides were used to
pulse dendritic cells, as previously described.'® Pepmixes spanning the
cytomegalovirus pp65 protein or the cancer testes antigen PRAME (JPT
Peptide Technologies) were used as controls.'®2°

Generation and expansion of peptide-specific T cell lines

Buffy coats from healthy volunteer blood donors were obtained through
the Gulf Coast Regional Blood Center, Houston, TX, USA. HLA typing of
these samples was performed by the HLA, Flow and Diagnostic
Immunology Laboratory of the Department of Laboratory Medicine at
The Methodist Hospital, Houston, TX, USA, using PCR-SSO DNA-based
procedures. Peripheral blood mononuclear cells were isolated by
Lymphoprep (Accurate Chemical and Scientific Corp, Westbury, NY, USA)
density gradient centrifugation. Dendritic cells were generated as
previously described,® starting from CD14-selected cells and, after
maturation, pulsed with 5 pum of the specific pepmix for 2h at 37 °C and
finally used to stimulate peripheral blood mononuclear cells at an E:T ratio
of 20:1 in complete media, containing 45% Click’s media (Irvine Scientific,
Santa Ana, CA, USA), 45% RPMI 1640 (HyClone Laboratories, Logan, Utah),
5% heat-inactivated human AB serum (Valley Biomedical, Winchester, VA,
USA), 1% L-glutamine and 1% penicillin/streptomycin (Invitrogen,
Carlsbad, CA, USA) in the presence of a previously validated combination
of cytokines (IL-7 (10ngml~"), IL-12 (1ngml~") and IL-15 (2ngml~ ")
(all from Peprotec, Rocky Hill, NJ, USA or R&D Systems, Minneapolis,
MN, USA).'® On days 9 and 16 of culture, T cells were re-stimulated
with pepmix-pulsed dendritic cells at an ET ratio of 10:1 in media
containing IL-7, IL-12 and IL-15. IL-2 (50U ml~") was added to the culture
from day 16.
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Retroviral transduction

The retroviral supernatant encoding the SFG.iCasp9.2A-TAV.ACD19 vector
was prepared as previously described.'® Peripheral blood mononuclear
cells from donors 9, 13, 14 and 15 were activated with immobilized OKT3
and anti-CD28 (BD) antibodies, and IL-2 100 Uml ~ . After 72 h, cells were
transduced on retronectin-coated plates (Takara Bio Inc, Shiga, Japan) as
previously described.” Phenotype of TD cells was assessed by FACS 3 days
after transduction, and used as targets in 'Cr assays.

Immunophenotyping

T cell subset distribution was analyzed after the third stimulation by
staining with fluorochrome-conjugated antibodies for CD3-APC, CD4-PE,
CD8-PerCP and CD56-FITC. Transduction efficiency was analyzed by
staining cells with CD3-FITC and CD19-APC antibodies. All antibodies were
from BD Biosciences, San Jose, CA, USA, or Beckman Coulter, Brea, CA, USA;
data acquisition was performed on a FACSCalibur (BD Biosciences) using
CellQuest Software (BD Biosciences) and data analysis was performed using
FlowJo Software (Treestar, Ashland, OR, USA). To evaluate CD107a/b
degranulation, T cells at the end of the third antigen-specific stimulation
were resuspended at 1 x 10° cellsml ™" in complete media with 10% fetal
bovine serum (HyClone) without cytokines. After blocking protein transport
(GolgiPlug and GolgiStop, both from BD), following the manufacturer’s
instruction, cells were stained with FITC-conjugated CD107a and CD107b
(both from BD), and then stimulated with either relevant or irrelevant
pepmixes or single peptides (5um) for 4-5h at 37°C at 5% CO,. Phorbol
myristate acetate (25ng ml—7, Sigma-Aldrich, St. Louis, MO, USA) and
jonomycin (1pg ml~, Sigma-Aldrich) were used as positive controls. Cells
were then collected, fixed for 10 min in 1% Cytofix (BD), washed and then
stained for 30 min with CD3-APC, CD4-PE and CD8-PerCP or appropriate
isotype controls. After washing, cells were analyzed on the FACSCalibur.

ELISpot assay

The IFN-y ELISpot assay was performed as previously described.'® In brief,
1% 10° T cells per well were plated in triplicates and then stimulated with
5um of the specific pepmixes of the single peptides or media alone. As
positive control, T cells were stimulated with 25ngml~" of phorbol
myristate acetate and 1pugml~" of ionomycin. The IFN-y SFCs were
enumerated (ZellNet, Fort Lee, NJ, USA). T cell lines were defined as being
reactive when the number of SFCs was >2 x above background level
(media control or irrelevant pepmix).

Chromium-release assay

The cytotoxic activity of T cells was evaluated using a standard 6-h
*ICr-release assay, as previously described.'® After labeling with °'Cr,
target cells were incubated with T cells at different E:T ratios in medium
alone or in 1% Triton X-100 (Sigma-Aldrich) to determine spontaneous and
maximum >'Cr-release, respectively. The mean percentage of specific lysis
of triplicate wells was calculated as follows: ((test counts — spontaneous
counts)/(maximum counts — spontaneous counts)) x 100%.

Statistical analysis

Data were summarized by means and s.d. Student’s t-test was used to
determine the statistically significant differences between the samples,
with P-value <0.05 indicating a significant difference. When multiple
comparison analyses were required, statistical significance was evaluated
by a repeated measures ANOVA, followed by a Newman-Keuls test for
multiple comparisons. The exact binomial method was used to calculate
the confidence interval.
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